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and phylogenetic relationships of basal Macronaria
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Neosauropods are well represented in the Late Jurassic fossil record, both in Laurasia and Gondwana. Among Macronaria,
Europasaurus represents one of the most basal forms of this group. In addition to its systematic importance, Europasaurus
is also the first unequivocal dwarf sauropod from which adult and juvenile material is available. Despite the abundance of
sauropods in the fossil record, early juvenile specimens are rare, limiting knowledge about sauropod ontogeny. Therefore,
the great amount of material of Europasaurus provides an excellent opportunity to improve our knowledge on the early
evolution of Macronaria, as well as to shed light on some morphological changes through ontogeny. The postcranial axial
skeleton of sauropods is extremely modified with respect to the anatomy observed in its ancestors, the ‘prosauropods’,
proving to be one of the most informative regions of the body. Here we provide a detailed description of the axial skeleton
of Europasaurus, including adult and juvenile elements, discussing its systematic and ontogenetic importance. We also
analyse the phylogenetic position of Europasaurus through a cladistic analysis using TNT, which retrieves this taxon in a
basal position among Camarasauromorpha. Additionally, the presence/absence of discrete characters and the comparison of
juvenile elements with adult specimens allowed us to recognize different morphological ontogenetic stages (MOS). Whereas
early stages lack derived characters (e.g. spinodiapophyseal lamina and prespinal lamina on dorsal vertebrae), all derived
characters (including autapomorphies) are present in late immature specimens. Therefore, while late immature specimens
provide the same phylogenetic signal as adult specimens of Europasaurus, more immature stages are recovered in a basal
position among sauropods. Finally, we apply the MOS to other maturity criteria (e.g. neurocentral closure, sexual maturity)
in a search for a wider definition of maturity.
Keywords: Macronaria; ontogeny; maturity; phylogeny; dimorphism; Late Jurassic
Introduction
Sauropod dinosaurs first appear close to the Triassic/
Jurassic boundary (Buffetaut et al. 2000; Yates & Kitching
2003), and since this time they became the dominant terres-
trial megaherbivores through all of the Mesozoic. During
the Middle to Late Jurassic, this group experienced a
great diversification, establishing the major lineages of
Neosauropoda (Upchurch 1998; Wilson & Sereno 1998;
Wilson 2002; Upchurch et al. 2004; Carballido et al.
2011b; Mannion et al. 2011b; Upchurch et al. 2011).
Most of these forms are represented by taxa from the Late
Jurassic of western North America (e.g. Camarasaurus,
Brachiosaurus, Diplodocus; Cope 1877; Riggs 1903;
Marsh 1878; Madsen et al. 1995; Taylor 2009), Tanzania
(e.g.Giraffatitan, Torneria, Australodocus; Janensch 1914;
Fraas 1908; Remes 2007; Taylor 2009) and Portugal (e.g.
Lourinhasaurus, Dinheirosaurus, Lusotitan atalaiensis;
Lapparent & Zbyszewski 1957; Antunes & Mateus 2003;
Mannion et al. 2012).
∗Corresponding author. Email: jcarballido@mef.org.ar
Europasaurus holgeri represents one of themore recently
described basal camarasauromorphs from the Late Jurassic
(middle Kimmeridgian). Since its first preliminary descrip-
tion (Sander et al. 2006),Europasaurus has been considered
as a basal camarasauromorph (sensu Upchurch et al. 2004)
less derived than Brachiosaurus, a position subsequently
recovered by other authors (Carballido et al. 2011a, b).
Therefore, this taxon is of great interest for improving our
knowledge of the anatomy, early evolution and radiation of
basal camarasauromorphs. In addition, Europasaurus was
shown to be an unequivocal dwarf sauropod (Sander et al.
2006) in a lineage of gigantic forms such as Brachiosaurus,
Tehuelchesaurus and Argentinosaurus (Stein et al. 2010;
Klein et al. 2012). The dwarf condition of Europasaurus
opens a great number of questions, mainly related to the
evolutionary process that led to the evolution of such forms.
Despite the abundance of sauropods in the fossil record,
they are mainly represented by adult and subadult indi-
viduals; juvenile specimens are rare (e.g. Foster 2003;
Ikejiri et al. 2005; Tidwell & Wilhite 2005). Consequently,
C© 2013 Natural History Museum
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2 J. L. Carballido and P. M. Sander
knowledge of sauropod ontogeny remains limited, espe-
cially for early ontogenetic stages. This is particularly
unfortunate because no other amniotes grew through the
same size range from neonate to adult as did sauropods
(Sander et al. 2008; Griebeler & Werner 2011; Werner &
Griebeler 2011).
A few remarks are in order about the nature of the
Europasaurus fossil material (see also Sander et al. 2006).
Skeletal preservation ranges from partially articulated
skeletons and associated skeletons, to isolated bones. Some-
times the state of articulation and association is difficult to
determine because the bones were not found by palaeon-
tological prospecting and excavation but were discovered
in the fracture planes of blocks of host sediment freed by
blasting from a steep quarry face. Commonly, originally
complete bones are fractured, and only some parts can be
recovered from the rubble. In addition, the exact nature of
the bone becomes apparent only after preparation, and parts
of the same bone may be joined years after their discov-
ery. Among the tons of rocks removed from the quarry
producing Europasaurus and the thousands of elements
catalogued as Europasaurus holgeri at the Dinosaurier-
park Mu¨nchehagen (DFMMh), several juvenile remains
were found. Although disarticulated, this juvenile mate-
rial gives us a great opportunity to understand some of the
changes that sauropods underwent during their ontogeny.
Such changes can only be recognized after a detailed revi-
sion and comparison of the anatomy of both mature and
immature specimens.
Unlike most other tetrapod lineages, the postcranial axial
skeleton of sauropods has proven to be one of the most
informative regions of the body (Bonaparte 1999). The
axial skeleton of sauropods is extremely modified with
respect to the anatomy observed in basal sauropodomorphs.
These modifications mainly consist of the evolution of a
complex arrangement of laminae and fossae, the nomencla-
ture and homology problems of which are continually being
discussed (e.g. Bonaparte 1999; Wilson 1999; Apesteguı´a
2005; Salgado et al. 2006; Salgado & Powell 2010; Wilson
et al. 2011).
Here we describe in detail the postcranial axial skeleton
of Europasaurus holgeri. The description of juvenile spec-
imens and their comparison with adult forms reveals some
of the major ontogenetic transformations in the life history
of Europasaurus in particular, and sauropods in general.
Material and methods
Abbreviations
Anatomical abbreviations. ACDL: anterior centrodi-
apophyseal lamina; aml: anterior median lamina; ACPL:
anterior centroparapophiseal lamina; cp: capitulum; cpof:
centropostzygapophyseal fossa; CPOL: centropostzy-
gapophyseal lamina; CPRL: centroprezygapophyseal
lamina; cf: condiloid fossa; dp: diapophysis; epi: epipoph-
ysis; for: foramen; hypa: hypantrum; hypo: hyposphene;
TPRL: intraprezygapophyseal lamina; lCPOL: lateral
centropostzygapophyseal lamina; lprf: lateral fossa of
the prezygapophyseal process; mCPOL: medial centro-
postzygapophyseal lamina; mdCPOL: medial division of
the centropostzygapophyseal lamina; mdCPRL: medial
division of the centroprezygapophyseal lamina; nc:
neural canal; ntch: notch; oars: odontoid articulation
surface; PPDL: paradiapophyseal lamina; pp: para-
pophysis; ped: pedicels; pl: pleurocoel; plr: pleuro-
coel ridge; pSPDL: posterior spinodiapophyseal lamina;
PCDL: posterior centrodiapophyseal lamina; POSL:
postspinal lamina; posc: postspinal scar; poz: postzy-
gapophysis; PODL: postzygodiapophyseal lamina; PRSL:
prespinal lamina; prsc: prespinal scar; prz: prezy-
gapophysis; PRDL: prezygodiapophyseal lamina; scy:
sacricostal yoke; sTPOL: single intrapostzygapophyseal
lamina; sTPRL: single intraprezygapophyseal lamina;
SPOL: spinopostzygapophyseal lamina; SPRL: spino-
prezygapophyseal lamina; tb: tuberculum; TPOL: intra-
postzygapophyseal lamina.
Institutional abbreviations. CM: Carnegie Museum of
Natural History, Pittsburgh, PA, USA; CLH Cuesta
Lonsal Herrero, Galve, Spain; DFMMh: Dinosaurier-
Freilichtmuseum Mu¨nchehagen/Verein zur Fo¨rderung der
Niedersa¨chsischen Pala¨ontologie (e.V.), Germany; FMNH:
Field Museum of Natural History, Chicago, IL, USA;
HMN-MB: Humboldt Museum fu¨r Naturkunde, Berlin,
Germany; IVPP: Institute of Vertebrate Paleontology
and Paleoanthropology, Beijing, China; MACN: Museo
Argentino de Ciencias Naturales “Bernardino Rivadavia”,
Buenos Aires, Argentina;MNN GAD: Musee National du
Nı´ger, Nı´ger; PMU: Palaeontological Museum, Uppsala,
Sweden.
Terminology
Fossae and laminae. Fossae nomenclature is based on the
landmark bipartite and tripartite system recently proposed
by Wilson et al. (2011). For lamina nomenclature, we
follow the scheme proposed by Wilson (1999) with the
addition of a few laminae recently defined by other authors
(Apesteguı´a 2005; Salgado & Powell 2010). Here we
provide a brief discussion of some definitions in order
to clarify the meaning of these names. Although most
of the time the laminae are connected to the landmarks
(e.g. parapophysis, diapophysis, zygapophyses), several
modifications of this more basic pattern are observed in
sauropods, and some laminae are not directly connected
to any landmark. When this happens there are two main
options: (1) use a new name to refer to it; or (2) choose
one of the previously defined names. In the case of some
laminae observed in Europasaurus, we chose the second
option, as was recently suggested by Wilson & Upchurch
(2009). Thus, these laminae are interpreted mainly based
on their position and approximation to the landmarks.
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Postcranial axial skeleton of Europasaurus holgeri 3
Centropostzygapophyseal lamina. Apesteguı´a (2005)
differentiated the centropostzygapophyseal lamina (CPOL)
of Wilson (1999) into two different laminae, both present
in dorsal vertebrae. These laminae are the medial CPOL
(mCPOL) and the lateral CPOL (lCPOL). The paired
mCPOL were distinguished from the lCPOL because they
contact the medialmost region of the postzygapophysis
and laterally bound the neural canal in dorsal vertebrae
(Apesteguı´a 2005). In contrast, the lCPOL is developed
as a paired lamina, which runs from the centrum to the
lateroventral aspect of the postzygapophysis. Although
Apesteguı´a (2005) mainly focused his discussion on dorsal
vertebrae, the lCPOL originates in cervical vertebrae and
persists to the anteriormost dorsal vertebrae. Apesteguı´a
(2005) mentioned that the mCPOL first appears in
anterodorsal vertebrae, when the lCPOL becomes reduced.
In a few taxa, during the transition from one lamina to
another, both laminae are present at the same time (e.g.
Camarasaurus; Osborn&Mook 1921). Therefore, contrary
to the lCPOL, the mCPOL is only present in dorsal verte-
brae.
Medial division of the CPOL. The medial division of the
CPOL (mdCPOL) originates from the presence of paired
posterior fossae below the postzygapophyses (the CPOF;
Wilson et al. 2011). This paired fossa is usually absent in
dorsal vertebrae of most sauropods (e.g. Camarasaurus,
Ehuelopus, Europasaurus; Osborn & Mook 1921; PMU
234; see below). As a result of these fossae, the lCPOL
becomes divided, forming a dorsomedially oriented lamina,
which does not contact the postzygapophysis dorsally but
contacts the TPOL. This lamina is referred to here as the
mdCPOL. Although it can be confused with the mCPOL
(described above), this lamina does not contact the postzy-
gapophyses and is therefore not homologous to the mCPOL
present in dorsal vertebrae, and thus a different name is
advisable.
Medial division of the CPRL. This lamina is the anterior
counterpart of the mdCPOL, and is generally present in the
anterior view of cervical vertebrae. As with themdCPOL, it
arises from the presence of paired anterior fossae (the CPRF
ofWilson et al. 2011), which are present in several taxa (e.g.
Diplodocus, Camarasaurus). This lamina does not repre-
sent the divided CPRL of Upchurch (1995, 1998, char-
acter 88; Upchurch et al. 2004, character 113) or Wilson
(2002, character 88) but the divided corporozygapophy-
seal lamina of Harris (2006, character 116). In contrast to
the divided CPRL of Wilson (2002), the mdCPRL does
not contact the prezygapophysis dorsally but instead the
paired TPRL. Whereas the mdCPRL was recovered as
a widespread character in sauropods (Harris 2006), the
divided CPRL was recovered as a synapomorphic char-
acter of diplodocids (Wilson 2002), convergently acquired
in Nigersaurinae (Whitlock 2011).
Intrazygapophyseal laminae. The definitions of the
intraprezygapophyseal lamina (TPRL) and intrapostzy-
gapophyseal lamina (TPOL) are not modified here.
Instead, we refer to the single lamina formed below the
median contact of these laminae as the single intrazy-
gapophyseal lamina (sTPRL or sTPOL). Both laminae
are normally present in cervical vertebrae but disap-
pear in anterodorsal vertebrae, persisting only in the
anteriormost dorsal elements (e.g. Camarasaurus). The
sTPOL persists in middle and posterior dorsal vertebrae
of diplodocid sauropods (Wilson 2002; Upchurch et al.
2004) and, convergently, in Tehuelchesaurus (Carballido
et al. 2011b). Wilson (1999) referred to it as a median
strut, and Upchurch et al. (2004, character 146) called
it the single lamina below the hyposphene. To clarify
its origin and to facilitate the description, we refer to
these laminae as single TPRL (sTPRL) and single TPOL
(sTPOL).
Spinodiapophyseal lamina. Wilson (2002) defined the
spinodiapophyseal lamina (SPDL) as the lamina that runs
from the diapophysis up to the neural spine. Although this
topological criterion makes the recognition of the lamina
easy, two different origins for the SPDL were recently
suggested by Salgado & Powell (2010). These authors
distinguished two different SPDL, anterior (aSPDL) and
posterior (pSPDL), a practice that is followed here, recog-
nizing them by their different positions on the transverse
process.
Pleurocoel. The term pleurocoel was never rigorously
defined (Wedel 2003). Wedel (2003) used the term lateral
pneumatopore instead of pleurocoel, defining it as the
communication between the lateral aspect of the centrum
and the internal air spaces. However, the presence of
a pleurocoel was identified in more basal forms (e.g.
Patagosaurus; Bonaparte 1986), in which no internal air
spaces are present (e.g.Wilson 2002; Upchurch et al. 2004).
Therefore, a broader definition is used to address systematic
problems, and thus the term pleurocoel could be differen-
tiated from the term pneumatopores, and the presence of
one does not necessarily imply the presence of the other.
Thus, for us a pleurocoel is a lateral excavation with well-
defined anterior, ventral and dorsal margins (as is observed
in cervical and anterodorsal vertebrae of Patagosaurus;
PVL 4170). The posterior margin of the pleurocoel (as
defined) is usually well marked, but sometimes it is gently
excavated without a well-defined edge. As was defined
by Wedel (2003), the pneumatopores can be recognized
inside the pleurocoel, establishing communication between
the pleurocoel and the internal pneumatic cavities (when
present). Moreover, the pneumatopore can be absent, as is
mainly observed in some basal forms (e.g. Patagosaurus;
PVL 4170), in which the pleurocoel does not open into
internal cavities or camerae.
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4 J. L. Carballido and P. M. Sander
Figure 1. Europasaurus holgeri, atlas elements. A–C, intercentrum (DFMMh/FV 910) in A, anterior, B, posterior and C, lateral views.
D–F, atlas neurapophysis (DFMMh/FV 791) in D, anterior, E, lateral and F, posterior views. G–I, atlas neurapophysis (DFMMh/FV 362)
in G, anterior, H, lateral and I, posterior views. See text for abbreviations.
Systematic palaeontology
Saurischia Seeley, 1887
SauropodaMarsh, 1878
Neosauropoda Bonaparte, 1996
MacronariaWilson & Sereno, 1998
Camarasauromorpha Salgado et al., 1997
Genus Europasaurus Mateus, Laven, & Kno¨tschke in
Sander et al., 2006
Europasaurus holgeri Mateus, Laven, & Kno¨tschke in
Sander et al., 2006
(Figs 1–28)
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Postcranial axial skeleton of Europasaurus holgeri 5
Holotype. DFMMh/FV 291, consisting of a disarticu-
lated left premaxilla (DFMMh/FV 291.18), right maxilla
(DFMMh/FV 291.17), right quadratojugal (DFMMh/
FV 291.25), fragment of a braincase (DFMMh/FV
291.15), left laterosphenoid–orbitosphenoid complex
(DFMMh/FV 291.16), right surangular (DFMMh/FV
291.10), left prearticular (DFMMh/FV291.24), left dentary
(DFMMh/FV 291.11), teeth (DFMMh/FV 291), cervical
and sacral vertebrae, and cervical and dorsal ribs assigned
to one individual.
A right angular, initially listed as part of the holotype
(Sander et al. 2006) is excluded from this specimen, as the
size of it is too small compared with the other mandible
bones (Maprmann et al. 2011).
Referred material. The referred material represents at
least 12 individuals, but probably several more. The mini-
mum number of individuals was calculated based on the
dentaries, including left and right elements of different
sizes (Sander et al. 2006). Except for the holotype, a spec-
imen composed of five sacral and 13 caudal vertebrae and
chevrons (DFMMh/FV 100), and DFMMh/FV 838, which
is composed of four middle to posterior cervical vertebrae,
all preserved elements are regarded as different specimens,
as neither obvious association nor articulation can be well
established among them. See Online Supplementary Mate-
rial for a complete list of the referred specimens.
Horizon and locality. Late Jurassic, middle Kimmerid-
gian marine carbonate rocks, bed 93 of section at Langen-
berg Quarry, Lower Saxony basin, Oker near Goslar, State
of Lower Saxony, northern Germany.
Emended diagnosis. Europasaurus holgeri is diagnosed
on the basis of the following characters, based on the
holotype and referred specimens: (1) frontal with a
very deep orbital rim causing an extreme reduction of
the frontal–prefrontal and frontal–nasal articulations; (2)
absence of quadratojugal–maxilla contact and large partic-
ipation of the jugal to form the ventral margin of the skull
(reversal to the condition observed in Shunosaurus and
more basal sauropodomorphs); (3) presence of postpari-
etal foramen (convergently acquired in some diplodocoids);
(4) anterior cervical vertebrae without an anterior centro-
diapophyseal lamina; (5) cervical vertebrae with well-
developed prespinal and postspinal laminae (convergent
with Isisaurus; Wilson & Upchurch 2003); (6) scapular
acromion with a prominent posterior projection; and (7)
transverse width of astragalus twice its dorsoventral height
and anteroposterior length.
Comments. The presence of amarked notch in the cervical
vertebrae was also regarded as an autapomorphic character
of Europasaurus (Sander et al. 2006). However, the pres-
ence of an equally well-developed notch in the cervical
vertebrae of Giraffatitan (MNH SII) and Euhelopus (PMU
233) indicates that this character is not an autapomorphy of
Europasaurus. Up to now, this notch was not described or
observed in other sauropods. For the moment, and due to its
presence in relatively basal macronarian taxa, we prefer to
exclude this character from the diagnosis of Europasaurus.
Description
The following description is mainly based on the most
complete elements. The postcranial axial skeleton is divided
into four major regions (i.e. cervical, dorsal, sacral and
caudal). Vertebrae from these regions are further assigned
to anterior, middle or posterior locations. Immature spec-
imens were recognized as such primarily by their open or
unfused neurocentral sutures. Open sutures commonly led
to complete disarticulation, with only the centrum or the
neural arch of a specific vertebra being represented. The
immature specimens are described last in each section. Size
itself is not a criterion for maturity, as has been well docu-
mented in Europasaurus, because the material of this genus
comprises a small and a large morph; specifically, there
are small mature vertebrae and large immature vertebrae.
The meaning of this size dimorphism is discussed after the
descriptions.
Cervical vertebrae
The cervical series is probably the best represented part of
the Europasaurus postcranial axial skeleton, with elements
that represent anterior, middle and posterior cervical verte-
brae. These elements include mature vertebral elements as
well as immature isolated centra and neural arches. Indeed,
the cervical series provides the most valuable information
about the morphological changes throughout the cervical
series and ontogeny of this taxon.
As noted above, articulated and complete cervical
series are not commonly preserved among Macronaria,
making it difficult to estimate the total number of cervi-
cal vertebrae of Europasaurus. Among the few complete
camarasauromorph necks are those of Camarasaurus (12
cervical vertebrae; Gilmore 1925), Euhelopus (16 cervi-
cal vertebrae; Wilson & Upchurch 2009), the unnamed
titanosaur from Peiro´polis, Brazil, known as ‘Titanosauri-
dae indet. DGM Series A’ (13 cervical vertebrae; Powell
2003), and Rapetosaurus (17 cervical vertebrae; Curry
Rogers 2009). Some common changes are observed through
the neck of these taxa. As was noted by Gomani (2005), the
interprezygapophyseal distance, the development of lami-
nae and fossae on the lateral surface of the neural arches,
and the length of the diapophyses increase posteriorly.
Sauropod cervical vertebrae show a progressive increase
in the elongation of the centra, from the second cervical
element (the axis) to the middle cervical vertebrae (e.g.
among ninth cervical vertebra in Camarasaurus; Osborn
& Mook 1921). A progressive reduction of this elonga-
tion is observed from the middle cervical vertebrae to the
dorsal vertebrae. Additionally, the cervical vertebrae of
some sauropods (e.g. Jobaria,Camarasaurus; MNNTIG6;
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6 J. L. Carballido and P. M. Sander
Osborn & Mook 1921) display a continuous development
of the paired CPOF, and the sTPOL. The paired CPOF
appears in middle cervical elements of most neosauropods
(sixth cervical vertebra in Camarasaurus, Osborn & Mook
1921; eighth cervical vertebra in Apatosaurus, Gilmore
1936) and is also present in more basal forms such as
Cetiosaurus (Upchurch & Martin 2002). In these taxa, a
large sTPOL first appears in anteroposterior cervical verte-
brae and becomes more developed through the most poste-
rior cervical elements. Although this pattern seems to be
widespread among neosauropods, in Giraffatitan brancai
(HMN-MB SI) the sTPOL and the CPOF are present and
well developed in the third cervical vertebrae and decrease
posteriorly.
Because many cervical elements of Europasaurus repre-
senting different ontogenetic stages were found in isola-
tion and without association, some of the common changes
observed in other sauropods must be considered care-
fully, especially because most of them can change through
ontogeny or evolution. First, the relative length of the
centra in sauropods seems to change drastically during
ontogeny (e.g. Ikejiri 2004; Schwarz et al. 2007). Secondly,
as was noted by Wedel (2003), the degree of pneumatiza-
tion increases through ontogeny. Thirdly, the development
of the sTPOL and CPOF seems to change during evolution
(as revealed by the differences between Camarasaurus and
Brachiosaurus).
Because of the aforementioned difficulties, the exact
position of each isolated Europasaurus vertebra in the neck
is difficult to determine with certainty. Nevertheless, when
all of the morphological changes are taken into account,
several major transformations through the cervical series
can be detected. In Europasaurus, the development of
the CPOF, its related laminae (mdCPOL) and the sTPOL
show the same pattern observed in Camarasaurus, as is
evident in the continuous sequence of four cervical verte-
brae from a single specimen (DFMMh/FV 838; see below).
The development of these fossae and laminae seems to
change slightly through ontogeny, and because they are
present even in early juvenile specimens (Carballido et al.
2012a), they can provide a good indicator of vertebral
position.
As noted, for descriptive purposes the cervical vertebrae
were divided into three sections as follows: anterior cervical
vertebrae lack the CPOF; middle cervical vertebrae show
weakly developed CPOFs; and posterior cervical vertebrae
preserve well-developed CPOFs and sTPOL.
Atlas. Five atlas elements are preserved, which were
identified as a complete (DFMMh/FV 910; Fig. 1A–C)
and a fragmentary intercentrum (DFMMh/FV 204), and
three complete or almost complete right neurapophyses
(DFMMh/FV362, 775, 791; Fig. 1D–I). The unfused nature
of those elements is interpreted as a sign of immaturity;
currently no mature atlas is known for Europasaurus.
The complete intercentrum is very small, being 21 mm
wide with an anteroposterior length of 7.1 mm. In anterior
and posterior views, the intercentrum is crescent shaped,
and 1.6 times wider (21 mm) than high (13.4 mm; Fig. 1A,
B). The dorsal concave region, which serves as support for
the odontoid process of the axis, is not very deep (2.4 mm).
Thus, the contacts for the neurapophyses do not project far
dorsally and are short. The condiloid fossa is also crescen-
tic, following the shape of the intercentrum, and occupies
most of the anterior side of the intercentrum. The posterior
side is only slightly convex (Fig. 1B). The anterior surface
projects ventrally more than the posterior surface, a differ-
ence that is clearly visible in lateral view (Fig. 1C), but the
anteroventral lip-like projection present in Flagellicaudata
(Wilson 2002) and some titanosaurs (e.g. Mongolosaurus;
Mannion 2011) is lacking. Despite the immature condition
of the neurapophyses, some morphological differences
were observed among them. The smallest of the atlas
neurapophysis (DFMMh/FV 791; Fig. 1D–F) is more
robust than the two larger elements (DFMMh/FV 362,
775; Fig.1G–I). As in other sauropods, the neurapophyses
are wing-like structures directed posterodorsally. The
ventral contact of the neurapophyses with the centrum is
V–shaped in lateral view (Fig. 1F, H). The posterodorsal
process of the neurapophysis, which gives support to
the postzygapophysis, is further developed posteriorly in
the largest than in the smallest element. Thus, when the
anteroposterior lengths of the neurapophyses are compared
with their heights, a shorter ratio in the smallest element
is observed, giving this element a more robust aspect in
lateral view (Fig. 1F, H). This difference is interpreted as
resulting from the elongation in the atlas of Europasaurus
through ontogeny, as described for the cervical vertebrae
of other sauropods (e.g. Schwarz et al. 2007).
High and prominent epipophyses are present above
the postzygapophyses of the largest neurapophyses. The
epipophyses are separated from the postzygapophysis by
a shallow lateral groove and are extended further posteri-
orly. The development of the epipophyses is higher in the
larger neurapophysis, and becomes shorter in the smallest
element, a difference that is also interpreted as an ontoge-
netic change in the shape of the atlas in Europasaurus. Two
small foramina are posterodorsally located in the largest
elements (Fig. 1I) but cannot be distinguished in the small-
est neurapophysis.
Axis. Two complete neural arches are preserved
(DFMMh/FV 563.2 and 706.1). Both neural arches show
the characteristic zipper-like structure in their pedicels,
indicating that they are immature elements. The smallest
element (DFMMh/FV 563.2; Fig. 2A–C) is almost the half
size of the largest one (DFMMh/FV 706.1; Fig. 2D–F).
This difference in size is correlated with some differences
observed in laminae and fossae development (i.e. PRDL,
PODL and POCDF; Fig. 2) and is interpreted as different
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Postcranial axial skeleton of Europasaurus holgeri 7
Figure 2. Europasaurus holgeri, axis. A–C, DFMMh/FV 563.2 in A, anterior, B, posterior and, C, lateral views. D–F, DFMMh/FV 706.1
in D, anterior, E, posterior and F, lateral views.. See text for abbreviations.
ontogenetic stages of those elements, with the smaller one
being the more immature.
The transverse process is ventrally directed and ends
in a thin and small diapophysis. This process is dorsally
supported by the PODL and PRDL, which are well devel-
oped in the larger element and slightly developed in the
smaller element (interpreted as the more immature one).
Whereas in the larger neural arch, a well-developed and
dorsally excavated POCDF is present below the PODL, in
the smaller one this fossa is completely missing, indicat-
ing that the fossa was not present in the earliest stages.
The prezygapophyses are highly inclined (around 70◦ with
respect to the horizontal) and ventrally supported by a single
CPRL. The prezygapophyses are positioned at mid-height
on the neural canal. The neural spine is formed mainly by
a single lamina, which is interpreted as the PRSL and can
be observed well in anterior view (Fig. 2A, D). The PRSL
posteriorly ends as a narrow lamina,which dorsally contacts
the paired SPOL.
The postzygapophyses are less inclined than the prezy-
gapophyses, showing an angle of no more than 30◦ with
respect to the horizontal. From below, a thin and single
lCPOL links the ventromedial end of the zygapophyses
with the centrum. The paired TPOL runs anteromedially
and forms the ventral edge of the SPOF. In both elements,
but better developed in the larger one, a thin POSL is set
into this fossa and runs dorsally. This single lamina is virtu-
ally absent in the smallest element, and only a small scar is
discernible in this region (Fig. 2B), a change interpreted as
a product of the earliest morphological ontogenetic stage
of this element. Above the postzygapophysis, a moderately
developed epipophysis is present, which is not as high or
posteriorly developed as in the neurapophyses of the atlas.
A robust SPOL runs from the postzygapophysis up to the
dorsal end of the neural spine (Fig. 2B, E).
Mature anterior cervical vertebrae. A total of 11 anterior
cervical elements were identified. The four more complete
vertebrae have several differences in their laminae and
fossae, which are interpreted as indicative of different posi-
tions in the anterior section of the neck, and also differ-
ent ontogenetic stages (see below). Element DFMMh/FV
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8 J. L. Carballido and P. M. Sander
Figure 3. Europasaurus holgeri, anterior cervical vertebra (DFMMh/FV 999.1; third?) in A, posterior B, lateral and C, anterior views.
See text for abbreviations.
999.1 (Fig. 3) is considered to be the anteriormost cervi-
cal vertebra preserved in Europasaurus (excluding the
atlas–axis), being probably the first one after the axis, a
position hypothesized based on the absence of some lami-
nae and the weak development of fossae. Another element
(DFMMh/FV 652.1; Fig. 4) is also assigned to an anterior
position, but not as anterior as DFMMh/FV 999.1; it proba-
bly represents the fourth cervical vertebra ofEuropasaurus.
The anterior position of this element is indicated by its
relatively shorter centrum as well as other morphological
characteristics, such as the low diapophysis and the short
lCPOL. The other preserved vertebrae are relatively longer
(Online Supplementary Material; Fig. 5), being assigned
to a more posterior position in the anterior section of the
neck. Additionally, several other morphological changes
(e.g. shape of the pleurocoel and orientation of the lami-
nae) support a more posterior position for these elements
(see below).
The centra are opisthocoelous with a distinctive notch
in the dorsal edge of the posterior articular surface, just
below the neural canal. This medial notch is especially
visible in dorsal view (Figs 4B, 5C, D) and has been
described as an autapomorphic character of Europasaurus
(Sander et al. 2006). Nevertheless, its presence in Giraf-
fatitan brancai (HMN-MB SII) and Euhelopus (PMU 233)
indicates that this character is present in other camarasauro-
morph sauropods, and thus we excluded it from the diag-
nosis of Europasaurus (see above) and included it as a
new character in the phylogenetic analysis. This medial
notch is especially well developed in mature specimens
(DFMMh/FV 999.1, 652.1 and 291.4), but is extremely
reduced or absent in immature elements. The plane of the
posterior articular surface of the centra is slightly anterodor-
sally inclined rather than perpendicular to the axes of the
vertebra. Ventrally, the centra are transversely flat at mid-
length but, resulting from the ventral orientation of the
parapophyses, they are slightly concave at the parapophysis
level. Only one of the elements shows a deep concave region
at parapophysis level (DFMMh/FV 46), but this seems to
be the result of the mediolateral diagenetic compression.
No ventral keels or anteroposteriorly oriented ventral cavi-
ties are present in any of the preserved cervical elements.
The parapophysis process is ventrolaterally oriented from
the centrum, and the capitular articulation is anterolaterally
directed (Fig. 4).
The centra are laterally excavated, but differences in
the degree of pneumatization are observed among differ-
ent elements. These differences are interpreted as result-
ing from the ontogenetic stage, as well from the relative
position in the anterior section of the neck. In specimens
DFMMh/FV 291.4 and 652.1, the centra are most deeply
excavated, leaving only a very small septum, which sepa-
rates the left and right pleurocoels (Figs 4C, 5B). In these
two elements, the excavation of the pleurocoel extends
into the centrum in all directions. The other two verte-
brae (DFMMh/FV 46 and 701.1) are laterally excavated,
but their pleurocoels do not open as deeply into the centra,
especially in their posterior half.
The probable fourth cervical vertebra (DFMMh/FV
652.1) shows a deep pleurocoel divided by a thin septum
oriented anterodorsally (Fig. 4C). This division is also
present in the other mature and well-excavated element
(DFMMh/FV 291.4; Fig. 5B), but is less developed than in
the former. A similar development of this ridge is present
in the two less mature elements, at least on one of their
sides (as they are asymmetrically excavated). Because these
elements were interpreted as having a posterior position
among the anterior cervical vertebrae, a well-divided pleu-
rocoel seems to only occur in the anteriormost cervicals
of Europasaurus. Although no complete cervical series is
preserved, the presence of a weak ridge in the posterior
anterior cervical vertebrae, and its absence in middle
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Postcranial axial skeleton of Europasaurus holgeri 9
Figure 4. Europasaurus holgeri, anterior cervical vertebra (DFMMh/FV 652.1) inA, anterior, B, posterior,C, lateral andD, anteroventral
views. See text for abbreviations.
and posterior cervical elements (see below), indicate that
this division gradually disappears posteriorly in ante-
rior cervical vertebrae. Therefore, the morphology of
Europasaurus cervical vertebrae resembles the condition
of Camarasaurus instead of the more complex pleurocoel
of brachiosaurids such as Giraffatitan. The parapophysis is
dorsally excavated, and this small excavation is continuous
with the pleurocoel of the centra, resembling the condi-
tion of some basal sauropods andCamarasaurus (Upchurch
et al. 2004).
The transverse process is ventrally supported by a well-
developed PCDL. This lamina is anterodorsally oriented,
laterally projected and runs from the posterior end of the
pleurocoel to reach the diapophysis from the posteroven-
tral margin of the transverse process (Figs 3–5). As is
typical for the cervical vertebrae, the transverse process
is ventrally inclined with its diapophysis anteroventrally
directed (Figs 3–5). A deep CDF is present and heavily
penetrates the neural arch in all the anterior cervical verte-
brae (Fig. 4D). A midline ridge, dorsoventrally oriented,
which slightly divides the CDF, is present in the ante-
rior cervical vertebrae except in the anteriormost cervical
element DFMMh/FV 999.1. Although this ridge could be
interpreted as an early stage of the ACDL, its persistence in
more posterior cervical elements, in which the ‘true’ ACDL
first appears (see below), indicates that this ridge is a differ-
ent lamina. Therefore, it is advisable to use a different name,
referring it as the ACDL∗ (Fig. 4D) to denote its similari-
ties with the ‘true’ ACDL. Due to the absence of the ACDL
in anterior cervical vertebrae of Europasaurus, no PRCDF
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10 J. L. Carballido and P. M. Sander
Figure 5. Europasaurus holgeri, anterior cervical vertebra (DFMMh/FV 291.4) inA, anterior, B, lateral,C, posterior andD, dorsal views.
See text for abbreviations.
can be recognized. The absence of the ACDL in anterior
cervical vertebrae, and thus the presence of only a single
fossa below the diapophysis, is a unique character among
basal macronarians, and thus represents an autapomorphic
character of Europasaurus.
Dorsally, two laminae link the transverse process with the
prezygapophysis and the postzygapophysis. These laminae
are, respectively, the PRDL and the PODL. The PRDL
runs from the anterodorsal part of the diapophysis to
the lateroventral part of the prezygapophyses, projecting
ventrolaterally (Figs 3B, 4A, C, 5A, B). The second lamina,
the PODL, runs from the posterodorsal edge of the trans-
verse process, reaching the level of the diapophyses, to the
anteroventral part of the postzygapophysis (Figs 3B, 4B, C,
5B, C). This lamina is posterodorsally oriented, delimiting
the dorsal edge of the POCDF. The fossa is present and well
developed in all the anterior cervicals but is smallest in the
anteriormost cervical vertebra (Fig. 3).
The prezygapophyses are flat and ventromedially
inclined, forming an angle of around 20◦ with respect to the
horizontal (Fig. 4A). In anterior view, a triangular and well-
delimited paired CPRF is present below the prezygapoph-
ysis (Figs 4A, 5A). The CPRL is divided at mid-height, just
above the neural canal, resulting in a narrowmedial division
of the CPRL (mdCPRL). The mdCPRL extends dorsome-
dially, from the stout CPRL up to the medioventral edge
of the TPRL, just above the neural canal. The mdCPRL is
present in all of the anterior cervical vertebrae except for
the axis and the anteriormost preserved cervical element
(DFMMh/FV 999.1), in which a single CPRL is observed
(Fig. 3A). The presence ofmdCPRL is awidespread charac-
ter among non-titanosaur macronarians (e.g. Bellusaurus,
IVPP V8299; Giraffatitan, HMN-MB SII; Paluxisaurus,
Rose 2007). The prezygapophyseal process laterally
exhibits one or two well-developed lateral fossae, similar
to those present in Giraffatitan (Janensch 1950).
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Postcranial axial skeleton of Europasaurus holgeri 11
In posterior view, a short and dorsally directed lCPOL
links the centrum with the ventromedial margin of the
postzygapophysis. This paired lamina is dorsally expanded
(Figs 3A, 4C, 5C), but without any signs of fossae or cavi-
ties, and thus differing from the morphology of the middle
and posterior cervical vertebrae. Both postzygapophyses
are connected to each other by the paired TPOL. The
TPOL bounds the flat dorsal margin of the neural canal.
The postzygapophyses are dorsally directed in the ventral
part, and then abruptly turn laterally (Fig. 4B).
The neural spine of the anterior cervical vertebrae is
undivided and short. In the anteriormost preserved ante-
rior cervical vertebrae (DFMMh/FV 999.1 and 652.1),
the neural spine is almost as long as wide, whereas it is
around 1.5 times longer in DFMMh/FV 291.4, and two
times longer in DFMMh/FV 701.1. This difference is inter-
preted as a morphological change in the shape of the neural
spine through the anteriormost cervical vertebrae. The two
paired laminae of the neural spine, SPRL and SPOL, are
highly developed (Figs 3–5). The single laminae, PRSL
and POSL, are well developed and have a rough aspect
throughout their length. Anteriorly, the SPRL arises on the
dorsolateral aspect of the prezygapophysis, and runs dorso-
medially up to two thirds of the neural spine height. At this
height, both SPRLs (left and right) become parallel and
dorsally oriented (Fig. 4A, C), bounding the SPRF, within
the PRSL. In posterior view, the SPOL runs dorsomedi-
ally from the dorsolateral aspect of the postzygapophysis to
near the end of the neural spine. At this height, the SPOLs
become parallel to each other and are dorsally oriented
(Fig. 4B, C), taking a similar shape to the one observed
in the anterior edge of the neural spine. A triangular and
deep fossa, the SPOF, is present above the postzygapoph-
ysis. This fossa is bounded ventrolaterally by the TPOL and
dorsolaterally by the SPOL. The single POSL is enclosed
in this fossa and runs posterodorsally, from the deepest part
of the SPOF up to the dorsal tip of the neural spine (Figs
4B, C, 5C).
Immature anterior cervical neural arches. The general
morphology of the largest preserved immature element
(DFMMh/FV 857.3; Fig. 6A–C) does not differ signifi-
cantly from the mature neural arches described above, and
therefore is interpreted as showing an advanced immature
stage. In contrast, the three smallest immature neural arches
(DFMMh/FV 119, 833.1 and 1031) show several morpho-
logical differences. Although size by itself cannot be used
as a direct indicator of maturity (Brochu 1996), the very
small size of these neural arches suggests that they came
from very young individuals, which is also congruent with
the morphological differences observed between them and
mature elements. Moreover, these three small neural arches
show some differences, which can be used to infer different
ontogenetic stages, with DFMMh/FV 119 being slightly
more developed than the other two.
The CDF of DFMMh/FV 119 is present and well devel-
oped, whereas the POCDF is also present but is not as deep
as inmature elements or in DFMMh/FV 857.3 (Fig. 6A–C).
Although the POCDF can be regarded as present, it is not
as developed as in mature elements (see above; Figs 4, 5) or
in the advanced immature vertebrae (DFMMh/FV 857.3;
Fig. 6A–C). Prespinal and postspinal laminae are virtually
absent, and only a slightly marked and rough scar is visible
in these positions (Fig. 6D–F). These scars are not devel-
oped enough to be considered laminae but are interpreted as
an early formation stage of laminae, and thus are referred
to as the prespinal and postspinal scars (prsc and posc;
Fig. 6D–N.
The other two neural arches (DFMMh/FV 1031 and
833.1) are interpreted as showing an earlier ontogenetic
stage than DFMMh/FV 119. The few differences observed
among them are related to their slightly different posi-
tions. DFMMh/FV 833.1 (Fig. 6J–N) is interpreted as
one of the first cervical vertebrae, probably the third.
This position is inferred because of the absence of the
mdCPRL, which is present in all other anterior cervical
vertebrae except for the anteriormost post-axial elements
(see above and Fig. 3). Although the absence of this
lamina could be interpreted as a result of a different onto-
genetic stage, its presence in DFMMh/FV 1031 argues
against this interpretation. Moreover, this lamina was
recently described in an early juvenile sauropod individ-
ual (SMA 0009) from the Morrison Formation interpreted
as a taxon closely related toBrachiosaurus (Carballido et al.
2012a).
In DFMMh/FV 833.1, the CDF and POCDF are slightly
developed, and the lateral surface of the prezygapophy-
seal process does not show any lateral excavation. These
morphological differences with respect to DFMMh/FV
1031 are interpreted as resulting from the anterior position
of DFMMh/FV 833.1 and not as ontogenetic differences,
as the same morphology is present in the anteriormost
preserved post-axial cervical vertebra (DFMMh/FV 999.1;
see above). In contrast, DFMMh/FV 1031 (Fig. 6G–I)
has a well-developed mdCPRL and a weakly developed
lamina below the diapophysis (which probably represents
theACDL∗). The presence of these laminae is interpreted as
resulting from a more posterior position. Although broken
distally, the prezygapophyseal process ofDFMMh/FV1031
does not show any signs of lateral excavations, which are
present in all cervical vertebrae except for the anteriormost
elements. Because this neural arch is interpreted as having
a posterior location among the anterior cervical vertebrae,
the absence of excavations in the prezygapophyseal process
is interpreted as resulting from the very early ontogenetic
stage of this element. The neural spine of DFMMh/FV 1031
is completely preserved, being short and without the POSL,
the PRSL or the prespinal scar. The SPRL and SPOL are
present but these laminae are only slightly developed as
narrow and low crests.
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12 J. L. Carballido and P. M. Sander
Figure 6. Europasaurus holgeri, immature anterior cervical vertebra. A–C, DFMMh/FV 857.3 in A, anterior, B, lateral and C, posterior
views. D–F, DFMMh/FV 119 in D, anterior, E, lateral and F, posterior views. G–I, DFMMh/FV 1031 in G, anterior, H, lateral and I,
posterior views. J–N, DFMMh/FV 833.1 in J, anterior,K, lateral, L, posterior,M, ventral and N, dorsal views. See text for abbreviations.
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Postcranial axial skeleton of Europasaurus holgeri 13
Figure 7. Europasaurus holgeri, mature anterior–middle cervical vertebra (DFMMh/FV 291.5) in A, anterior, B, lateral, C, posterior, D,
dorsal and E, anteroventral views. See text for abbreviations.
Middle cervical vertebrae. A total of four mature middle
cervical vertebrae are preserved. Whereas two of the verte-
brae (DFMMh/FV 291.5 and 710) were found in isolation,
the other two are part of a single individual composed of two
middle and two posterior cervical vertebrae (DFMMh/FV
838; Figs 9, 12). In these middle cervical vertebrae,
some morphological and size differences are observed (see
Online Supplementary Material for measurements). The
CPOF is present in all elements but is less developed
in DFMMh/FV 291.5 and 710 (Figs 7C, 8C), and most
developed in DFMMh/FV 838.11a, b (Fig. 9C, D), inter-
preted here as resulting from the more posterior position
of the two latter elements. Therefore, the middle cervi-
cal vertebrae can be divided into anterior middle cervicals
(DFMMh/FV 710 and 291.5) and posterior middle cervi-
cals (DFMMh/FV 838.11a, b). All of the anterior cervical
vertebrae show a similar ontogenetic stage, as their general
morphology, laminae and fossae development do not greatly
differ. Two different size classes are observed among these
elements, independently of their slightly different positions.
The smallest element (DFMMh/FV 710) is around half the
size of the largest vertebrae (DFMMh/FV 291.5 and 838)
(Online Supplementary Material).
The opisthocoelous centra have a well-developed notch
on the dorsal surface of their posterior side (Figs 7D,
8C, 9C, D). In the middle cervical vertebrae this notch
is better developed than in the anterior cervical verte-
brae, indicating an increasing expression of the notch
towards the middle cervical vertebrae. The plane of the
posterior articular surface is inclined only slightly
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14 J. L. Carballido and P. M. Sander
Figure 8. Europasaurus holgeri, mature anterior–middle cervical vertebra (DFMMh/FV 710) in A, anterior, B, lateral, C, posterior and
D, ventral views. See text for abbreviations.
anterodorsally. In transverse section, the ventral surface
of the centra is flat except for a shallow concavity at
the level of the parapophysis (Figs 8B, 9B). As in ante-
rior cervical vertebrae, the parapophysis is ventrally posi-
tioned, with the capitular articulation oriented anterolater-
ally. The ventral aspect of the middle cervical vertebrae
does not differ from the morphology described for anterior
cervicals.
Large posteriorly acute pleurocoels occupy most of the
lateral aspect of the centra. The pleurocoels deeply excavate
the centra, leaving only a thin septum in the midline of the
vertebra. In contrast to the anterior cervical vertebrae, the
pleurocoels are not divided by any kind of lamina or ridge
and are therefore regarded as simple in their morphology.
The CDF is well developed but is deeper than in the ante-
rior cervicals. The PCDL runs from the posterior end of
the pleurocoel toward the transverse process and reaches
the posteroventral aspect of the diapophysis (Fig 7B, 8B,
9A). The ACDL∗ can be recognized in the entire middle
cervical vertebra as a poorly developed lamina, which is
even less developed in posterior middle cervical vertebrae
(DFMMh/FV 51, 838.11a, b; Fig. 7E). A new lamina, not
present in the anterior cervical vertebrae, is present in the
middle cervicals. This new lamina, which is more anteri-
orly placed than the ACDL∗, can be followed towards the
posterior cervical and dorsal vertebrae, and is interpreted
as the true ACDL (Fig. 7E). The ACDL becomes more
developed towards the posteriormost middle cervicals and
runs posterodorsally from near the ventral beginning of the
CPRL down to the ventral aspect of the transverse process.
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Postcranial axial skeleton of Europasaurus holgeri 15
Figure 9. Europasaurus holgeri, mature posterior middle and anteroposterior cervical vertebrae. A, DFMMh/FV 838 series, lateral view.
B, E–G, DFMMh/FV 838.11c in B, posterior, E, anterior, F, dorsal and G, ventral views. C, DFMMh/FV 838.11b in posterior view. D,
DFMMh/FV 838.11a in posterior view. See text for abbreviations.
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16 J. L. Carballido and P. M. Sander
Figure 10. Europasaurus holgeri, immature posterior–middle cervical vertebra (DFMMh/FV 51) inA, anterior,B, lateral andC, posterior
views. See text for abbreviations.
The co-occurrence of both laminae in the middle cervi-
cal vertebrae allows recognition of the two laminae below
the diapophysis as the ACDL and the ACDL∗, as noted
for the anterior cervical vertebrae. The presence of a well-
developed ACDL provides the origin for a new fossa not
present in the anterior cervical vertebrae, the PRCDF. The
PRCDF is only weakly developed in the anterior middle
cervical vertebrae but becomes larger toward the poste-
rior. The PRDL and PODL have the same morphology
described for anterior cervicals, although with a slightly
different inclination, as the diapophysis is higher than in
anterior cervical vertebrae.
The prezygapophyses and its related laminae do not
greatly differ from the morphology described for ante-
rior cervical vertebrae (Fig. 7A) but the zygapophyses
of the posterior middle cervical vertebrae have an angle
of some 45◦. The lCPOL remains relatively short in the
anterior middle cervical vertebrae but becomes longer in
the posterior middle cervicals (Fig. 9C, D). A triangular
and paired CPOF is present below the postzygapophysis,
giving rise to the mdCPOL (Figs 7C, 8C, 9C, D). This
fossa is ventromedially bordered by the mdCPOL, later-
ally by the lCPOL, and dorsomedially by the TPOL. The
CPOF of posterior middle cervicals is triangular-shaped.
The TPOL is ventromedially oriented and is not as flat
as in the anterior cervicals. In the middle cervicals, the
ventrally inclined paired TPOLs converge on each other
near the medial aspect of the neural arch and form a flat
and short horizontal lamina (Figs 7C, 8C, 9C, D). This short
contact among the TPOLs gives to the neural arch an acute
dorsal end, which becomes even more notable in posterior
cervical vertebrae in which the sTPOL is developed (see
below).
The neural spine is about two times longer than wide
in the anterior middle cervical vertebrae, and 1.5 times
longer than wide in the posterior middle neural arches.
The SPRL is dorsomedially oriented for most of its length.
Near its dorsal end, the SPRLs are directed dorsally, being
almost vertical in the posterior middle cervical vertebrae
and running parallel to each other (Figs 7A, 8A). The rough
and long PRSL extends between the two SPRLs, being set
into the SPRF, as in the anterior cervical vertebrae. The
lateral face of the neural spine is well excavated with one
or more deep lateral fossae (Figs 7–9). As is the case for
the PRSL, the POSL is well developed, but both laminae
are slightly more developed in the more posterior middle
cervicals.
Immature middle cervical neural arch. Only one neural
arch (DFMMh/FV 51; Fig. 10) is preserved for this section
of the neck. The size of this neural arch is comparable to
the smallest mature middle cervical vertebra (DFMMh/FV
710). The general shape and the development of lami-
nae and fossae do not greatly differ from morphologi-
cally mature vertebrae, and therefore DFMMh/FV 51 is
regarded as an advanced immature element. The presence of
a well-developed CPOF and its associated laminae (lCPOL
and mdCPOL) allows the identification of this neural arch
as a posterior middle cervical one. The main difference
of DFMMh/FV 51 compared to more mature elements
is the state of development of the pneumaticity; unlike
mature elements. DFMMh/FV 51 is only slightly excavated
(Fig. 10).
Immature anterior or middle cervical centra. Several
isolated centra are preserved and identified as pertaining to
either anterior or middle cervical vertebrae. These centra
show the same general morphology observed in mature
vertebrae. Although some are incomplete, they provide
information on ontogenetic changes and also reveal the
presence of two size classes among the material assigned to
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Postcranial axial skeleton of Europasaurus holgeri 17
Figure 11. Europasaurus holgeri, immature anterior–middle cervical centra. A–C, DFMMh/FV 554.8 in A, dorsal, B, lateral and C,
posterior views. D–H, DFMMh/FV 857.1 in D, dorsal, E, ventral, F, anterior,G, lateral andH, posterior views. See text for abbreviations.
Europasaurus. This difference in size was previously noted
for the anterior and middle cervical vertebrae as well.
Preserved centra can be clearly grouped into small
(DFMMh/FV, 51, 126, 783, 836.2, 857.1; Fig. 11D–H) and
large (DFMMh/FV 785.1 and 554.8; Fig. 11A–C) (Online
Supplementary Material). Whereas a small size is expected
for such immature elements, the largest immature centra are
comparable in size to the largest mature cervical vertebrae
known for Europasaurus (DFMMh/FV 291.5 and series
838). They are therefore about twice as large as some of the
mature elements described above (e.g. DFMMh/FV 710,
783; Online Supplementary Material). Such size differ-
ences are interpreted as evidence of two well-differentiated
size classes among the elements and were also observed in
the complete and mature elements from a similar ontoge-
netic stage described above (e.g. 701.1 is around the half
size of 838.11 and 291.5, but has a similar position). In addi-
tion to different sizes, some morphological changes can be
observed among the immature centra that are related to
different ontogenetic stages of the immature specimens.
Awell-developed notch in the dorsal margin of the poste-
rior articular surface is present in the mature elements (see
above). In all of the immature centra, even in the largest, the
notch is absent or only slightly developed. As was previ-
ously noted, the expression of this notch changes along the
cervical series, but the notch is always well developed in
mature middle cervical vertebrae. The absence of the notch
in the isolated middle cervical centra (e.g. DFMMh/FV
857.1; Fig. 11D) indicates that it becomes deeper during
ontogeny.
As with the development of the notch, the depth of
the pleurocoels also shows some differences among the
centra. In all of the immature centra, the lateral surface
of the pleurocoels is extremely vascularized. In all small
immature specimens, the pleurocoels are only developed
as shallow excavations on the lateral side of the centra.
In these more immature elements the pleurocoels are well
excavated anteriorly but become shallow posteriorly, lack-
ing a distinct edge. The pleurocoels of the largest immature
cervical centra are better developed, being similar in shape
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18 J. L. Carballido and P. M. Sander
Figure 12. Europasaurus holgeri, mature anteroposterior cervical vertebra (DFMMh/FV 838.10) in A, lateral, B, posterior and C, dorsal
views. See text for abbreviations.
and depth to those present in mature elements, although
generally with small, vascularized areas.
Posterior cervical vertebrae. Two posterior cervicals are
part of the specimen DFMMh/FV 838 and regarded as the
first two posterior cervical vertebrae (DFMMh/FV 838.11c
and 838.10; Figs 9A, B, E–G, 12). The presence of well-
developed CPOF that are medially divided by a single
and short sTPOL sets these two elements apart from the
middle cervical vertebrae. The third element, represented
by a broken dorsal part of a neural spine (DFMMh/FV
573.6), is regarded as one of the most posterior cervical
vertebrae due to its similarity with the neural spine of the
anterodorsal vertebrae (Fig. 14). The notch on the dorsal
margin of the posterior articular surface, which is distinc-
tive in the anterior and middle cervical vertebrae, is only
slightly developed in the posterior cervical centra and is
expressed as a shallow, but distinct, concavity (Figs 9F, 12C,
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Postcranial axial skeleton of Europasaurus holgeri 19
Figure 13. Europasaurus holgeri, mature posterior–posterior cervical vertebra (DFMMh/FV 873.1) in A, anterior, B, lateral, C, posterior
and D, dorsal views. See text for abbreviations.
13D). The plane of the posterior articular surface is almost
perpendicular to the long axes of the vertebra, instead of
anteriorly directed as in the anterior cervical vertebrae.
The ventral side of the posterior cervical centra is slightly
concave at parapophysis level, remaining almost flat over
the rest of the ventral face of the centra (Fig. 9G). The capit-
ular articulation of the parapophysis is not anterolaterally
oriented as in anterior and middle cervical vertebrae, but
instead faces laterally (Fig. 13B).
The pleurocoels are simple and deeply penetrate the
centra, leaving a thin septum in the sagital plane, which
is not wider than 3–5 mm. The pleurocoels of the most
posterior cervical centra are only slightly longer than high,
with internal air spaces that invade the vertebrae dorsally,
forming large single camerae. The presence of camerae in
cervical vertebrae is a derived character among sauropods
(e.g. Wedel 2003). Among macronarians, a further derived
state (presence of small internal air spaces) character-
izes titanosauriforms and is probably present in the cervi-
cal vertebrae of some more basal camarasauromorphs
(Carballido et al. 2012b). In the anteroposterior cervical
vertebrae, the transverse process is strongly lateroventrally
inclined (Fig. 9C, D), and the most posterior cervicals are
almost completely directed laterally (Fig. 13). Ventrally, the
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20 J. L. Carballido and P. M. Sander
Figure 14. Europasaurus holgeri, mature posteriormost cervical neural spine (DFMMh/FV 573.6) in A, anterior, B, lateral and C,
posterior views. See text for abbreviations.
transverse process is supported by the two infradiapophy-
seal laminae, the ACDL and the PCDL. The ACDL is still
very ventrally positioned in the transverse process, but its
dorsal end almost reaches the PCDL, being not as far from
the diapophysis as it is in the middle cervical vertebrae. The
ACDL and PCDL form the anterodorsal and posterodor-
sal edges of the POCDF, respectively, which is ventrally
bounded by the dorsal margin of the centrum (Fig. 13B).
The PRCDF is triangular in shape, with rounded points and
with its base dorsally positioned (Fig. 13A).
The prezygapophyses of the most posterior cervical
elements are heavily inclined, forming an angle slightly
greater than 45◦ (Fig. 13A). In the most posterior cervi-
cals the prezygapophyseal processes slightly surpass the
anterior articular surface (Fig. 13B). The CPRL ventrally
supports the prezygapophyses, but this lamina is more
anterodorsally and vertically oriented than the CPRL of
the anterior and middle cervical vertebrae. The CPRF is
less developed than in the preceding cervical vertebrae.
As a result of this paired fossae, the mdCPRL is also
present, but only as a small crest bordering the neural canal
and making contact dorsally with the TPRL (Fig. 13A).
Thus in Europasaurus, the mdCPRL persists to the poste-
rior cervical vertebrae, disappearing in the last vertebrae of
the neck and being absent in dorsal vertebrae (see below).
The mdCPRL persists in anterodorsal vertebrae of the
titanosauriformChubutisaurus (Carballido et al. 2011b). In
the anteroposterior cervical vertebrae (DFMMh/FV 838.10
and 838.11), the height of the CPOL is about 0.65 times
the height of the posterior articular surface, a ratio that
is even higher in the most posterior cervical vertebrae
(0.85 in DFMMh/FV 873.1; Fig. 13C). Resulting from
this higher position of the postzygapophyses, the TPOL
is oriented ventromedially and not flat as in the more ante-
rior elements. In posterior cervical vertebrae, the TPOLs
(left and right) converge medially, forming a vertical single
TPOL (sTPOL). The sTPOL contacts the mdCPOL, just
above the neural canal (Figs 9B, 12B, 13C). In posterior
cervical vertebrae, the TPOL does not form the dorsal edge
of the neural canal (as described for anterior and middle
cervical vertebrae), but is separated from the neural canal
by the sTPOL. The CPOF of the most posterior cervical
vertebrae is higher but shallower than that of the antero-
posterior cervical elements. Thus, as with the CPRF, the
CPOF disappears in posterior cervicals, and is not present
in dorsal vertebrae (see below). The mdCPOL bounds
the dorsal edge of the neural canal, giving to it a trian-
gular shape on its dorsal third part (Figs 9B, 12C). The
postzygapophysis is connected laterally with the transverse
process by the PODL. In the anteroposterior element, this
lamina runs posterodorsally from the diapophysis down to
the anteroventral aspect of the postzygapophysis. In poste-
riormost cervical vertebrae, the transverse process is at
the same height as the postzygapophysis, and therefore the
PODL is mainly directed posterolaterally (Fig. 13B). The
lateral fossa below the postzygapophysis, the POCDF, is
large and clearly visible in lateral view. This fossa strongly
penetrates the neural arch in posterior cervical vertebrae.
Besides the neural spine of the two anteroposterior
cervical vertebrae (DFMMh/FV 838.11 and 838.10c), a
complete posteriormost neural spine is preserved. This
neural spine (DFMMh/FV 573.6) is clearly higher than
that of the anteroposterior cervical vertebra (DFMMh/FV
838.11, 838.10c), and is more similar to that of the
anterodorsal vertebrae than one of the preceding cervical
vertebrae. Nevertheless, the large SPRL and its inclina-
tion indicate that the neural spine corresponds to a cervical
element, regarded here as one of the posteriormost cervi-
cal elements preserved (Fig. 14). The neural spine of the
anteroposterior cervical vertebrae has an equal length and
D
ow
nl
oa
de
d 
by
 [A
me
ric
an
 M
us
eu
m 
of
 N
atu
ral
 H
ist
or
y]
 at
 05
:07
 25
 M
arc
h 2
01
3 
Postcranial axial skeleton of Europasaurus holgeri 21
width (Figs 9, 12), whereas the posteriormost neural spine
is almost twice as wide as it is long. The paired neural spine
laminae of the cervical vertebrae, the SPRL and the SPOL,
are well developed. The PRSL is present as a narrow ridge
in the anteroposterior vertebrae, whereas in the posterior-
most neural spine it is visible as a wider, rough lamina,
which is bounded closely by the SPRLs. Therefore, cervi-
cal vertebrae ofEuropasaurus are characterized by the pres-
ence of a PRSL, an autapomorphy of Europasaurus conver-
gently acquired in Isisaurus (Wilson & Upchurch 2003). In
posterior cervical vertebrae, the SPOL is mainly directed
dorsally, and the SPOF is a shallow fossa. The dorsal edge
of the neural spine does not show any lateral expansion,
being only half of the distance between the lateral edges
of the postzygapophyses. A distinctive expansion in the
neural spine of posterior cervical vertebrae was described
for some titanosauriforms (e.g. Mendozasaurus; Gonza´lez
Riga 2005).
Dorsal vertebrae
The dorsal elements known in Europasaurus include some
complete dorsal vertebrae, juvenile centra and neural
arches, and some isolated and more fragmentary elements.
As with other sauropod necks, complete dorsal series are
uncommon, and although Europasaurus can be regarded
as having 12 dorsal vertebrae (the plesiomorphic condition
in Macronaria; Wilson & Sereno 1998; Upchurch et al.
2004), the number of dorsal vertebrae is unknown for this
genus. Throughout the dorsal series, several changes can be
observed from the anterior to the posterior vertebrae. These
changes are used to classify the dorsal vertebrae into three
main categories. The anterodorsal vertebrae are identified
by the low parapophysis (still connected to the centrum), the
absence ofmCPOL, and lack of the hyposphene–hypantrum
extra joint. The last anterodorsal vertebra is similar except
for having a hyposphene and not a hypantrum. Middle
dorsal elements are recognized by the intermediate posi-
tion of the parapophysis, the presence of both hyposphene
and hypantrum articulations, and by the weakly developed
mCPOL. Posterior dorsal vertebrae have a high parapoph-
ysis, which is positioned dorsally and divides the PRDL
into two laminae, the PRPL and the PPDL. The general
shape of the centra and pleurocoels and the orientation of
the laminae were used to identify the incomplete elements,
comparing them with more complete dorsal vertebrae.
Anterodorsal vertebrae. Five anterodorsal elements are
preserved, including: a complete centrum with the para-
pophysis at the pleurocoel level (DFMMh/FV 894); a
complete vertebra without a hypantrum, but with a well-
developed hyposphene sustained from below by a single
TPOL (DFMMh/FV 1048); the posterior half of a vertebra
with a well-developed hyposphene sustained from below
by a single TPOL (DFMMh/FV 833.4); and the distal part
of a neural spine (DFMMh/FV 550.1).
Figure 15. Europasaurus holgeri, mature anterodorsal centrum
(DFMMh/FV 894) in A, lateral, B, posterior, C, ventral and D,
anterior views. See text for abbreviations.
The centrum DFMMh/FV 894, which is broken just
above the pedicel level (Fig. 15), is interpreted as the ante-
riormost preserved dorsal element. It is strongly opistho-
coelous (Fig. 15). The anterior articular ball does not occupy
the complete centrumbut is surrounded by a step (Fig. 15D).
Lengthwise, the centrum is ventrally convex and not flat as
in cervical vertebrae (Fig. 15C). The dorsoventrally large
parapophysis is still connected to the centrum, and situ-
ated at pleurocoel level (Fig. 15A). A similar parapoph-
ysis position is observed in the first two dorsal vertebrae of
other sauropods (e.g.Camarasaurus, Euhelopus; Osborn &
Mook 1921; Wilson & Upchurch 2009). We interpret this
centrum as one of the anteriormost vertebral elements of
Europasaurus, probably the first or second dorsal vertebra.
When comparing the most complete anterodorsal verte-
bra (DFMMh/FV 1048) with other basal macronarians
(e.g. Camarasaurus, Brachiosaurus; Osborn & Mook
1921; Riggs 1904), the low position of the parapoph-
ysis, the absence of the hypantrum and the well-developed
hyposphene indicate that this element is an anterodor-
sal vertebra, probably the third or fourth dorsal element
of Europasaurus. This vertebra is the most complete
anterodorsal element, and thus the description is mainly
based on it.
The opisthocoelous centrum of DFMMh/FV 1048 is
almost as long as posteriorly wide (Online Supplemen-
tary Material; Fig. 16), with rounded articular surfaces.
The ventral aspect of the centrum is similar to the ante-
rior centrum described above (Fig. 16C). The parapoph-
ysis is large and drop-shaped, almost four times higher
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Figure 16. Europasaurus holgeri, mature anterodorsal vertebra (DFMMh/FV 1048) in A, anterior, B, lateral, C, posterior and D, dorsal
views. The black arrow shows the position of the triangular aliform process and the unfilled white arrow with black border shows the point
of junction of SPOL and pSPDL. See text for abbreviations.
than wide, and placed between the centrum and the neural
arch. This position interferes with the laminae that link the
prezygapophysis and diapophysis with the anterior aspect
of the centrum and the anterior margin of the pleurocoel
(Fig. 16B). The single and large pleurocoel opens inter-
nally into large internal paired camerae, which seem to
reach the neural arch. Therefore, the internal structure
of the anterodorsal vertebrae of Europasaurus is similar
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Postcranial axial skeleton of Europasaurus holgeri 23
to the camerate air spaces of basal camarasauromorphs,
such as Camarasaurus (Wedel 2003), Galvesaurus (Barco
et al. 2006) and Giraffatitan (Janensch 1947). Neverthe-
less, and contrary to these sauropods, the internal camera
in Europasaurus does not reach the middle and posterior
dorsal centra but is restricted to anterior and anterior middle
dorsal vertebrae.
When aligning the neural canal with the horizontal
axis in lateral view, the diapophysis of this vertebra is at
the same vertical level as the parapophysis (Fig. 16B), a
widespread character among sauropods (Upchurch et al.
2004). The diapophysis is large and triangular-shaped, with
its base positioned dorsally and facing ventrolaterally. Two
well-developed laminae connect the diapophysis with the
centrum, the PCDL and the PPDL, which form the ventral
support of the transverse process. As the parapophysis is
restricted almost entirely to the neural arch, the lamina that
runs anteroventrally from the diapophysis to the centrum
is the paradiapophyseal lamina (PPDL) and not the ACDL.
Thus, as in other sauropods (Wilson 1999), the ACDL is
only present in cervicals and anteriormost dorsal verte-
brae of Europasaurus, in which the parapophysis is still
in the centrum, as was described for the isolated ante-
riormost centrum. The PPDL runs posterodorsally from
the dorsal margin of the parapophysis and connects the
PCDL below the diapophysis. Because of this arrange-
ment, the lateral fossae below the zygapophysis line are
bounded by different laminae. The CDF, enclosed by
the two infradiapophyseal laminae (PCDL and PPDL), is
triangular-shaped and a small pneumatopore-like opening is
positioned dorsally. This opening has a rounded and well-
defined ventral margin, and opens anteroventrally into the
neural arch. The PRCDF has the shape of an inverted
triangle with its base oriented dorsally (Fig. 16A, B). In
this vertebra, and even more in the following dorsal verte-
brae, the PRCDF is positioned anterodorsally in the neural
arch, below the prezygapophysis. Although the PRCDF
excavates deeply into the neural arch, no communication
with any internal pneumatic cavity is present, and thus this
fossa finishes without any internal expansion. Therefore, in
Europasaurus, only the CDF seems to show a communi-
cation with the neural arch. The diapophysis is linked with
the prezygapophysis by an almost horizontal and lateral
directed PRDL. The PRDL runs from the dorsolateral
aspect of the prezygapophysis up to the anterodorsal point
of the diapophysis. Two laminae are directed posteriorly
from the diapophysis, the SPDL (posterodorsally) and the
PODL (posteriorly). The PODL persists as a very weakly
developed lamina, visible in lateral and posterior views
(Fig. 16B, C), which runs from the anterolateral margin
of the postzygapophysis (as is in cervical vertebrae) to the
dorsal margin of the transverse process. In dorsal vertebrae,
this lamina does not reach the diapophysis but contacts the
SPDL in the posterior edge of the transverse process. There-
fore, the posterior edge of the transverse process is formed
by a composite lamina (PODL + SPDL; Fig. 16B, C).
In anterior view, the prezygapophyses are inclined
ventromedially, forming an angle similar to that observed
in posterior cervical vertebrae (40◦). The prezygapophyses
are flat and oval-shaped, with the longer margin positioned
lateromedially. At their medial edge, the prezygapophy-
ses do not show any kind of lateroventral expansion, and
thus the hypantrum is absent in this vertebra. Both prezy-
gapophyses are linked by robust paired TPRLs, which are
directed ventromedially from the prezygapophysis to the
midline of the vertebra. The middle contact of the TPRLs
produces a single and ventrally directed lamina, the single
TPRL (sTPRL). The sTPRL links the paired TPRLsmedian
contact with the dorsal edge of the neural canal (Fig. 16A),
which is oval-shaped. The prezygapophysis is connected
ventrally with the parapophysis and not with the centrum
because the dorsal half of the parapophysis is no longer situ-
ated on the centrum (Fig. 16A, B). Therefore, the CPRL of
cervical vertebrae is replaced by its dorsal counterpart, the
prezygoparapophyseal lamina (PRPL; Wilson 1999). The
PRPL is large, thin and oriented vertically in this vertebra.
The PRPL (which replaces the CPRL in anterodorsal verte-
brae) remains as an undivided lamina. The CPRF is present
in anterior view, below the prezygapophyses. This fossa is
bounded laterally by both CPRL (left and right), which run
parallel to each other. The single median strut below the
prezygapophyses (the sTPRL) slightly divides the CRPF
into left and right areas (Fig. 16A).
The postzygapophyses are oval-shaped and lateromedi-
ally long. In posterior view, the most notable characteristics
of this vertebra are the weak development of the paired
lCPOL (well developed in cervical vertebrae) and the pres-
ence of a robust hyposphene (Fig. 16C). The hyposphene
is supported ventrally by a single and thin lamina (the
sTPOL). The sTPOL runs from the ventral margin of the
hyposphene, diminishing ventrally but reaching the dorsal
edge of the neural canal. The sTPOL, which first appears in
posterior cervical vertebrae, persists up to the anterodorsal
vertebrae, and is present below the first vertebra with the
hyposphene in Europasaurus. This lamina is not present in
more posterior dorsal vertebrae, differing from the condi-
tion of diplodocids (e.g. Upchurch et al. 2004) or Tehuelch-
esaurus (Carballido et al. 2012b). The paired lCPOL is
recognized as a convex, low ridge, which runs from the
centrum up to the height of the hyposphene. The position
and orientation of this lamina indicate that it is the relict
lCPOL, which forms the ventral pillars below the postzy-
gapophyses of cervical vertebrae. Below the hyposphene,
no paired laminae are observed, thus the mCPOL, present
in more posterior dorsal vertebrae (see below), is absent
in anterodorsal elements. In lateral view, the POCDF is
present as a small but deep fossa. This fossa almost reaches
the most medial part of the neural arch and is bounded
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posterolaterally by the relict lCPOL and the hyposphene
(Fig. 16B, C).
The neural spine of this element is markedly wider
than anteroposteriorly long, and is petal-shaped in ante-
rior and posterior views, with a developed triangular lateral
process or ‘aliform process’ (Upchurch 1995; Fig. 16A, C).
The triangular lateral process is wider than the posterior
articular surface and equally wide as the anterior artic-
ular surface’s maximum width. The SPRLs are directed
dorsomedially from the posteromedial edge of the prezy-
gapophyses up to the first quarter height of the neural spine.
From this height these laminae run parallel to each other
up to the dorsal end of the neural spine where they widen
laterally (Fig. 16A). The SPRLs laterally bound a medial
wide rough lamina, forming a composed anterior median
lamina (aml; Fig. 16A). A similar rough lamina is present in
some other sauropods (e.g. Haplocanthosaurus, CM 572;
Bellusaurus, IVPP V8299). The position and texture of
this median lamina allows us to recognize it as the PRSL,
also present in the cervical vertebrae of Europasaurus (see
above). The shape, rough surface texture and development
of the PRSL resemble that of its posterior counterpart, the
POSL, and thus both single laminae are equally developed
in the presacral vertebrae of Europasaurus. The PRSL runs
from the ventral margin of the neural spine up to its dorsal
end, differing from the short and triangular morphology
of the PRSL present in some basal titanosauriforms (e.g.
Brachiosaurus, FMNH 25107) and from the narrow and
smooth PRSL widely distributed among the more derived
clade of titanosaur (Salgado et al. 1997). Therefore, the
median lamina present in the anterior surface of the dorsal
vertebra is a composite lamina formed by the SPRL and a
long and rough PRSL (Fig. 16A).
Thus, the anterior median lamina of Europasaurus
resembles that of other basal macronarians (e.g.
Bellusaurus, IVPP V8300; Euhelopus, PMU 233;
Galvesaurus, CLH-16) and differs from the anteriormedian
lamina, with a short and triangular-shaped PRSL in
some non-neosauropods (e.g. Mamenchisaurus; He et al.
1996), the basal macronarian Haplocanthosaurus (CM
879), and brachiosaurids (Giraffatitan, HMN-MB SII;
Brachiosaurus, FMNH 25107).
As was noted above, two laminae, the weakly developed
PODL and the SPDL, run posteriorly from the diapoph-
ysis. Due to its position, the SPDL lamina is recognized
as the pSPDL, following Salgado & Powell (2010). The
pSPDL differs from the anterior SPDL (aSPDL) because
of its different origin and position in the spine and trans-
verse process. A very small juvenile neural arch, identi-
fied as a middle dorsal element, also supports the inter-
pretation of a posterior ontogenetic origin of the SPDL in
Europasaurus (see below). The pSPDL contacts the SPOL
very low in the neural spine in this vertebra and in the
following dorsal elements. As a result of this contact, a
composite lamina, formed by the union of the pSPDL and
the SPOL, is exposed laterally in the neural spine. The
pSPDL–SPOL union is placed at the ventral third height of
the neural spine, thus slightly ventral to the lateral expan-
sion of the neural spine (Fig. 16B, C). The ventral position
of this contact differs from the more dorsal contact, and
this is a feature widely distributed among sauropods (e.g.
Bellusaurus, IVPP V8299; Euhelopus, PMU 233, espe-
cially in titanosaurs; Salgado & Powell 2010) and resem-
bles more the condition present in Giraffatitan (FMNH P
25107). In posterior view, the neural spine is formed by the
single POSL, which, like the PRSL, is a wide and rough
lamina. The SPOF, which is a large and well-developed
fossa in cervical vertebrae, is also present in anterodorsal
vertebrae. Nevertheless, the fossa is extremely reduced in
this anterodorsal vertebra, persisting as a very small middle
fossa above the hyposphene and between both postzy-
gapophyses (Fig. 16C). The POSL runs from the deep part
of this fossa up to the dorsal end of the neural spine.
Mature middle dorsal vertebrae. The preserved mature
middle dorsal vertebrae elements (Figs 17, 18) include
an anterior third of a transversely broken vertebra
(DFMMh/FV 835), an almost complete vertebra, which
is missing the left transverse process and the neural
spine (DFMMh/FV 1049), and a partially broken vertebra
(DFMMh/FV 787). None of the middle dorsal vertebrae
elements are complete; all are missing most of the neural
spine, which is well preserved in immature elements (see
below). The following description is mainly based on the
more complete element (DFMMh/FV 1049; Fig. 17).
The relatively short centum indicates an anterior posi-
tion in the middle dorsal vertebrae, as the shorter dorsal
centrum of other sauropods is commonly present around
the fifth dorsal (e.g.Camarasaurus, Trigonosaurus; Osborn
& Mook 1921; Campos et al. 2005). Therefore, this verte-
bra is identified as one of the first middle dorsal vertebrae,
probably the fifth dorsal of Europasaurus. The centrum is
opisthocoelous, and the convex anterior surface is not as
well developed as in anterodorsal vertebrae. The ventral
aspect of the centrum is not as convex as in anterodor-
sal vertebrae, although it is slightly convex. The pleuro-
coel of this vertebra is extremely high, being around twice
as high as it is wide, with its highest point positioned
anteriorly (Fig. 17B). As in anterodorsal vertebrae inter-
nal camerae are present, with the anterodorsal excavation
surpassing the neurocentral suture and indeed penetrating
the neural arch. The parapophysis is almost twice as high as
it is wide and is clearly completely disconnected from the
centrum (Fig. 17A, B). The replacement of the ACDL and
CPRL by the PPDL and PRPL (Wilson 1999) occurs in two
stages, as is also observed in most sauropods (e.g. Cama-
rasaurus,Amargasaurus; Osborn&Mook 1921; Salgado&
Bonaparte 1991; MACN–N 15). First, the ACDL and the
CPRL are respectively replaced by the PPDL and PRPL, as
these laminae are connected with the parapophysis and not
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Figure 17. Europasaurus holgeri, mature middle dorsal vertebra (DFMMh/FV 1049) inA, anterior, B, lateral, C, posterior and D, ventral
views. See text for abbreviations.
with the centrum. This first stage is present in anterodorsal
vertebrae, whereas in middle dorsal vertebrae, the para-
pophysis is completely out of the centrum and communi-
cates with the centrum by the anterior centroparapophyseal
lamina (ACPL), which is not present in anterodorsal verte-
brae. TheACPL is a single and vertical lamina, which forms
the anterodorsal edge of the high pleurocoel (Fig. 17B). The
PRPL is anterodorsally directed from the parapophysis up
to the lateroventral margin of the zygapophysis. The CDF
and PRDF are present and well developed in this vertebra.
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26 J. L. Carballido and P. M. Sander
Figure 18. Europasaurus holgeri, mature posterior–middle dorsal vertebra (DFMMh/FV 787) in A, anterior, B, lateral and C, posterior
views. See text for abbreviations.
Instead of having a similar size, as in anterodorsal verte-
brae, the PRDF is relatively smaller and less developed
than the CDF. The CDF is bounded by the PCDL posteri-
orly, the PPDL anteriorly, and the parapophysis anteroven-
trally (Fig. 17B). A deep and well-delimited excavation is
observed inside the CDF. This deep excavation of the CDF
expands internally into the neural arch, thus the term centro-
diapophyseal fossa pneumatopore (CDF pneumatopore) is
used here to refer to it. Therefore, a supraneural camera
extends into the ventral part of neural arch. Similar supra-
Figure 19. Europasaurus holgeri, immature middle dorsal vertebra (DFMMh/FV 857.2) in A, anterior, B, lateral and C, posterior views.
See text for abbreviations.
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Postcranial axial skeleton of Europasaurus holgeri 27
neural camerae have been described for the basal sauropods
Barapasaurus andCetiosaurus (Bonaparte 1999;Upchurch
&Martin 2003) and the basalmacronarianTehuelchesaurus
(Carballido et al. 2012b) and Camarasaurus (Bonaparte
1999). The ventral margin of this pneumatopore is well
marked, with a rhomboidal shape in lateral view (Figs
17B, 18B). The deep invasion of this pneumatopore into
the centrum results in a thin median lamina, which sepa-
rates both (left and right) CDF pneumatopores. The PRCDF
is delimited dorsally by the PRDL, anteroventrally by the
PRPL and posteroventrally by the PPDL, as was described
for the complete anterodorsal vertebra. In lateral view, the
PRCDF is located below the prezygapophysis and the trans-
verse process, and does not open into internal camerae.
As in other non-titanosauriform sauropods (cf. Tehuelch-
esaurus; Carballido et al. 2012b), the PCDL is not ventrally
expanded.
Whereas anterodorsal elements miss the hypantrum, in
this vertebra the prezygapophysis are expanded lateroven-
trally, forming an anterior accessory joint, which articu-
lates with the hyposphene of the preceding dorsal vertebra.
A product of the hypantrum, the TPRL is not present in
this vertebra, a common change in all sauropods (Wilson
1999). Nevertheless, a single and medially positioned crest
is observed above the neural canal (Fig. 17B),which is inter-
preted as the relict sTPRL, better developed in anterodorsal
elements.
The lateral articulation surfaces of the hyposphene
are separated by a medial depression. The sTPOL,
which commonly disappears with the first hyposphene,
is missing in middle and posterior dorsal vertebrae of
Europasaurus. Among neosauropods, the sTPOL was
convergently acquired by diplodocids (Upchurch et al.
2004) and Tehuelchesaurus (Carballido et al. 2012b). The
lCPOL, observed in anterodorsal vertebrae and themCPOL
and well developed in posterior dorsal vertebrae, are not
developed in this element. Instead, an incipient mCPOL is
present, which bounds the neural canal and approaches the
hyposphene as a smooth convexity (Fig. 17). Although no
neural spine is preserved in DFMMh/FV 1049, a segment
of the neural spine can be seen in DFMMh/FV 787, which
is interpreted as having a slightly more posterior position.
This position is supported by its relatively low parapoph-
ysis but well developed mCPOL (Fig. 18). The neural spine
does not differ greatly from that of anterodorsal vertebrae.
The pSPDL splits from the PODL on the posterior side
of the transverse process and contacts the SPOL relatively
ventrally, and the PRSL and POSL are well developed but
in this vertebra are slightly narrower.
Immature middle dorsal elements. Three immature
middle dorsal neural arches (Figs 19, 20) were recov-
ered (DFMMh/FV 857.2, 243 and [1032, 1072]). They
show some morphological differences that deserve to be
described and compared with the previously described
middle dorsal vertebra. These three elements can be iden-
tified as showing three different ontogenetic stages.
The first of these elements (DFMMh/FV 857.2;
Figs 19A–C) is the largest of the three neural arches. It
is damaged on the lateral side, missing most of its trans-
verse process and the parapophysis (Fig. 19B). This neural
arch is regarded as a posterior middle dorsal vertebra, due to
the low parapophysis, the orientation of the PPDL and the
presence of weakly developed mCPOL (Fig. 19A–C). The
element does not differ significantly from thematuremiddle
dorsal vertebrae described above. All the major fossae and
laminae present in mature elements can be recognized and
are well developed. The CDF is deeply excavated below
the diapophysis, but this excavation does not penetrate
the neural arch, and thus the supraneural camerae are not
present on it. The neural spine is formed by all the laminae
observed inmature elements. The PODLand the pSPDLare
equally developed. The pSPDL contacts the SPOL dorsally,
forming the lateral composed lamina (pSPDL + SPOL),
which forms a weakly developed lateral expansion or
triangular aliform process. The triangular aliform process
is not as laterally expanded as in mature elements, although
the neural spine has an equal length and width relation
(Fig. 19).
The other two preserved neural arches are significantly
smaller than the one described above, with DFMMh/FV
243 being slightly larger than specimen 1032–1072. The
former element is interpreted as representing a later onto-
genetic stage. The parapophysis of DFMMh/FV 243 is
situated entirely at the pedicel level on the ventral edge
of the neural arch, indicating that this element does not
belong to an anterodorsal vertebra, as evidenced by the
presence of both hyposphene–hypantrum and extra joints.
The ventral position of the parapophysis can be interpreted
as resulting from an anterior position among middle dorsal
vertebrae. Nevertheless, the absence of sTRPL (present in
anterodorsal vertebrae) and the presence of well-developed
paired mCPOLs (present in posterior middle and poste-
rior dorsal vertebrae) indicate a more posterior position for
this element. Therefore, DFMMh/FV 243 is regarded as a
posterior middle dorsal vertebra and its low position of the
parapophysis is interpreted as due to the early ontogenetic
stage of this element. A higher position of the parapoph-
ysis can be expected as a late ontogenetic stage, result-
ing from the growth of the neural arch from the pedicels.
In lateral view, the CDF and PRCDF can be observed.
The CDF of this element is bounded by the PPDL and
the PCDL. In contrast to the anterior and middle dorsal
elements previously described, this fossa does not have any
distinctive deep excavation, which was identified in mature
elements as the CDF pneumatopore. The absence of this
pneumatopore is interpreted as resulting from the ontoge-
netic stage of this element. The diapophysis is connected
to the postzygapophysis by a well-developed PODL. The
PODL bounds the posterior aspect of the transverse process
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28 J. L. Carballido and P. M. Sander
Figure 20. Europasaurus holgeri, immature middle dorsal vertebra. A–C, DFMMh/FV 243 in A, anterior, B, dorsal and C, posterior
views. D–G, DFMMh/FV (1072+1048) in D, anterior, E, posterior, F, lateroventral and G, dorsal views. See text for abbreviations.
and contacts the dorsal margin of the postzygapophysis. A
very narrow lamina arises from the PODL, close to the
transverse process, and runs up to the neural spine. This
narrow lamina (the pSPDL) is incorporated into the neural
spine, and contacts the SPOL in a very ventral position.
The pSPDL is weakly developed and only recognizable by
the presence of a shallow fossa between it and the SPOL.
Whereas in this element the pSPDL is less developed than
the PODL, in all the preserved mature elements, the pSPDL
is always more developed than the PODL. Therefore, in
this juvenile neural arch, the SPDL seems to originate as a
division of the PODL, and is thus interpreted here as a
pSPDL, as was defined by Salgado & Powell (2010). As
in other dorsal vertebrae of Europasaurus, the pSPDL
contacts the SPOL to form a composite lateral lamina
(pSPDL + SPOL), which forms the lateral edge of the
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neural spine. In this juvenile neural arch, the neural spine is
not as wide as that of mature elements, but is slightly longer
than wide. In anterior view, the neural spine is formed
by the paired SPRL and a low and rough prespinal scar,
which is not considered to be a lamina due to its extremely
low development. The paired SPRL and the prespinal scar
converge medially at half the height of the neural spine.
The prespinal scar, easily recognized ventrally, cannot be
distinguished from the SPRL in the dorsal end of the neural
spine. The neural spine is damaged posteriorly and thus the
presence of a POSL cannot be determined due to preserva-
tion, but a similar development to that observed in the PRSL
is expected. The SPOF is present but extremely reduced in
this neural arch.
The second small immature neural arch (DFMMh/FV
(1048–1072)) is identified as a posterior middle or an
anteroposterior dorsal vertebra due to the high position of its
parapophysis and the presence of weakly developed PRDL.
The neural arch is broken into two halves and two different
numbers were used for each fragment, DFMMh/FV 1058
for the left and DFMMh/FV 1072 for the right half. In ante-
rior view, both prezygapophyses are completely preserved
(Fig. 20D). The paired CPRL is well developed and bounds
the CPRF. A weakly developed PRDL runs from the prezy-
gapophysis and posteriorly contacts the diapophysis.
The postzygapophyses are damaged but a stout expan-
sion can be observed, which is recognized as part of the
hyposphene. The hyposphene is supported ventrally by
well-developed, paired mCPOL (Fig. 20E). As in the previ-
ously described element DFMMh/FV 243, the dorsal face
of the transverse process is completely smooth, lacking the
excavations present in mature elements (Fig. 20F).
The neural spine of DFMMh/FV (1048–1072) is incom-
pletely preserved, but most of its laminae are discernible.
The SPRL is a very low lamina, in which a shallow depres-
sion occurs in the ventral part. The PRSL, which was
described for mature and immature elements, cannot be
recognized in this neural arch, and is thus regarded as
absent. Instead, the left and right SPRL are fused together
to form a single lamina (Fig. 20D). Therefore, neither the
PRSL nor the prespinal scar is present in this element.
At this level the neural spine is extremely thin, with a
lateromedial width of only 0.09 mm. The SPDL cannot
be properly recognized, and is considered absent in this
element. The SPOL and the POSL cannot be observed due
to preservation, but in posterior view, the dorsal half of
the neural spine is preserved as a single lamina. Although
it cannot be observed (due to preservation), the POSL
lamina was probably absent as is the PRSL. In this neural
arch of Europasaurus, the neural spine length is 0.64 mm,
approximately seven times longer than wide. Therefore, the
morphology of the neural spine in this early juvenile speci-
men is extremely simple, resembling the condition of basal
sauropodomorphs and juveniles of more derived sauropods
such as the early juvenile sauropod SMA 0009 from the
Morrison Formation (Carballido et al. 2012a) in which the
neural spine is anteroposteriorly longer than ventromedially
wide.
Posterior dorsal vertebrae. Several posterior dorsal
vertebra elements were collected, including: two complete
dorsal vertebrae (DFMMh/FV 712.1 and DFMMh/FV
652.4), a fragmentary neural arch (DFMMh/FV 890.1),
a complete neural spine (DFMMh/FV 007), two almost
complete centra with the ventralmost part of the neural arch
(DFMMh/FV 580.2 and DFMMh/FV 012), one complete
centrum (DFMMh/FV 019), and a fragmentary centrum
(DFMMh/FV 732).
Whereas several morphological changes are observed
through the cervicodorsal transition and the first dorsal
vertebra, the posterior part of the trunk is more conser-
vative in its morphology, and thus it is more difficult to
infer the position of isolated elements. The description of
the posterior dorsal vertebrae is mainly based on the two
complete mature elements (DFMMh/FV 712.1 and 652.4;
Figs 21, 22).
The posterior dorsal centra are more elongated than the
centra of anterior and middle dorsal vertebrae. The ratio of
the anteroposterior length divided by the posterior width of
these centra is close to 1.5 (Online Supplementary Mate-
rial). Therefore, posterior dorsal centra are relatively longer
than the preceding dorsal centra. The centra are opistho-
coelous but, in contrast to the preceding presacral elements,
the anterior convexity does not occupy the entire anterior
side of the centrum. Instead, it is restricted to two-thirds of
the dorsal aspect of the centra, especially in DFMMh/FV
652.4 (Fig. 22B), a difference interpreted as resulting from
a more posterior position of this element, as the anterior
convexity decreases posteriorly in other basal camarasauro-
morphs (e.g.Haplocanthosaurus, CM 572;Camarasaurus,
see Osborn & Mook 1921; Tehuelchesaurus, MPEF-PV
1125). The pleurocoels are present and well defined in
the two complete elements (DFMMh/FV 652.4 and 712.1;
Figs 21B, 22B). The pleurocoels of these vertebrae are
anteriorly wide and posteriorly acute, but lack the internal
expansion observed in anterior andmiddle dorsal vertebrae.
Instead, the pleurocoels do not open into internal camerae as
observed in the preceding dorsal vertebrae, and therefore
the most posterior dorsal vertebrae of Europasaurus are
not camerate. Therefore, Europasaurus differs from other
basal camarasauromorphs such asCamarasaurus and espe-
cially Brachiosaurus in which internal camerae are present
throughout the dorsal sequence (FMNH 25107).
The parapophysis is situated well above the centrum,
and is as high as it is wide in one of the elements
(DFMMh/FV 712.1; Fig. 21B), but almost twice as high
as it is wide in the other vertebra (DFMMh/FV 652.4;
Fig. 22B). This difference is interpreted as resulting from
the more anterior position of DFMMh/FV 712.1 as a simi-
lar shape in the parapophysis is observed in middle dorsal
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30 J. L. Carballido and P. M. Sander
Figure 21. Europasaurus holgeri, posterior dorsal vertebra (DFMMh/FV 712.1) in A, anterior, B, lateral, C, posterior and D, dorsal
views. The solid black arrow shows the position of the triangular aliform process and the unfilled white arrow with black border shows
the point of junction of SPOL and pSPDL. See text for abbreviations.
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Postcranial axial skeleton of Europasaurus holgeri 31
Figure 22. Europasaurus holgeri, posterior dorsal vertebra (DFMMh/FV 652.4) in A, anterior, B, lateral, C, posterior and D, dorsal
views. The solid black arrow shows the position of the triangular aliform process and the unfiled white arrow with black border shows the
point of junction of SPOL and pSPDL. See text for abbreviations.
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32 J. L. Carballido and P. M. Sander
vertebrae. The CPRL extends from the ventral margin of the
prezygapophysis down to the centrum, delimiting a fossa
that encloses the neural canal (the CPRF; Figs 21A, 22A).
A narrow and dorsally directed lamina (the ACPL) links
the ventral margin of the parapophysis with the anterior
aspect of the centrum, just above the beginning of the ante-
rior articular surface (Figs 21B, 22B). As the parapophysis
becomes higher in posterior dorsal elements, the PRDL is
interrupted and thus not present in posterior dorsal verte-
brae of Europasaurus. Therefore, the horizontal lamina of
Osborn & Mook (1921), usually formed by the PRDL and
the PODL (Wilson 1999), is formed by the PRPL, the
PPDL and the PODL. This unusual arrangement of laminae
(Wilson 1999) does not represent an autapomorphic char-
acter of Europasaurus as it is observed in other sauropods
(e.g. Brachiosaurus; FMNH P 25107). A composite lamina
(PODL–pSPDL) extends along the posterodorsal aspect of
the transverse process, from the diapophysis to the base of
the neural spine. At this point the lamina splits into the
pSPDL and the PODL, which is always less developed than
the pSPDL (Figs 21B, C, 22B, C). The PODL extends from
the split down to the ventral margin of the hyposphene (Figs
21B, 22B). A mediolaterally long fossa, which is present
on the dorsal surface of the transverse process, is poste-
riorly enclosed by this composite lamina (PODL–pSPDL;
Figs 21D, 22D). This fossa is also present in the preceding
dorsal vertebra of mature elements. No PCPL is present in
any dorsal vertebrae, differing from the condition widely
distributed among titanosauriforms (e.g. Euhelopus, PMU
233; Brachiosaurus, FMNH 25107).
The transverse process is slightly oriented dorsally
and supported posteroventrally by the PCDL. As in
middle dorsal vertebrae, the PCDL is a narrow lamina
that does not have any ventral expansion or bifurca-
tion (Figs 21B, 22B), which is widely distributed among
somphospondylians sauropods (Salgado et al. 1997).
Resulting from the arrangement in the parapophyseal lami-
nae of Europasaurus, the CDF and PRCDF are quite differ-
ent to those observed in anterior and middle dorsal verte-
brae. As in the anterior vertebrae, the PCDL forms the
posterior edge of the CDF. The PRCDF is bounded anteri-
orly by the CPRL, instead of the PRPL as in the middle
dorsal elements. Because of the absence of the PRDL
in posterior dorsal vertebrae, the PRPL forms the dorsal
margin of this anterior infradiapophyseal fossa, whereas the
ACPL bounds this fossa posteroventrally (Figs 21B, 22B).
The prezygapophyses are almost flat and less inclined
than in the preceding dorsal vertebrae, forming an angle of
20◦ to the horizontal. The prezygapophysis is supported
ventrally by a thin CPRL. The CPRL, which is absent
in middle dorsal and posteriormost anterodorsal verte-
brae, links the prezygapophysis with the anterior aspect
of the centrum (Figs 21A, 22A). In anterior view, both
CPRL delimit a deep single CPRF, which bounds the
neural canal. The mCPOL is well developed, dorsally
contacting the lateroventral margin of the hyposphene
and ventrally connecting to the posterolateral edge of the
centrum (Figs 21C, 22C).
In anterior view, the neural spine is petal-shaped, being
around 30% lateromedially wider than anteroposteriorly
long. As in other non-titanosauriform sauropods, the neural
spine is oriented dorsally as opposed to posterodorsally as in
Brachiosaurus FMNH 25107 and more derived sauropods.
The anterior part of the neural spine is formed by the
paired SPRL and the single PRSL, which together form
the anterior median lamina (Figs 21A, 22A). The PRSL
can be recognized as a thin, anteriorly projected lamina.
Whereas on the ventral third of the neural spine the SPRL
and PRSL can be clearly distinguished from each other,
dorsally the two laminae are fused to form the anterior
median lamina (Figs 21A, 22A). The SPRLs diminish on
the lateral edge of the median lamina, and thus probably
only slightly contribute to the dorsal end of it. The pSPDL
is directed posterodorsally from its ventral point of origin
in the transverse process and dorsally contacts the SPOL.
The SPOL extends dorsally from the middle dorsal edge of
the postzygapophysis up to its contact with the pSPDL. A
composite lamina (SPOL + pSPDL) forms the triangular
aliform process (Upchurch 1998; Upchurch et al. 2004),
which is located well above the junction of the pSPDL and
the SPOL (Figs 21, 22). The posterior aspect of the neural
spine is mainly formed by the single POSL, which runs
from the deep and small SPOF up to the dorsal margin of
the neural spine. The shape and size of the POSL are equal
to those of the PRSL, which forms the median lamina in
anterior view. Therefore, as in the preceding dorsal verte-
brae, both laminae (POSL and PRSL) are similar in shape
and size.
Immature dorsal centra. Among the preserved centra
(Fig. 23), two developmental stages can be differentiated.
The more immature centrum (DFMMh/FV 714; Fig. 23A)
is around half the size of the largest immature element
and is only slightly excavated on its lateral side. Therefore,
the pleurocoel is regarded as absent in this element. The
shallow excavation is smooth except for the anterodorsal
corner, which is vascularized. A more mature stage can
be recognized in DFMMh/FV 568 (Fig. 23B) in which the
lateral surface is well excavated and the pleurocoel can
be recognized. This pleurocoel does not open to internal
camerae. Because it cannot be absolutely known if this
element is part of a middle dorsal vertebra (in which inter-
nal camerae are present) or a posterior dorsal vertebra (in
which no internal camerae are observed), it is not possi-
ble to know whether the element represents an advanced
ontogenetic stage (if it is a posterior dorsal element) or
is still far from maturity (if it is a middle dorsal). The
pleurocoel of this element is extremely vascularized on
the entire internal surface, indicating fast remodelling of
the bone.
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Figure 23. Europasaurus holgeri, immature dorsal centra in lateral view. A, DFMMh/FV 714; B, DFMMh/FV 568.
Sacral vertebrae
Only one complete sacrum is known for Europasaurus,
but this was destroyed during a fire in 2003 (DFMMh/FV
100), as well as the second partially preserved sacrum,
composed of a fourth sacral vertebrae, whichwas illustrated
by Sander et al. (2006, supplementary fig. 2C; DFMMh/FV
082) (Figs 24, 25). Element DFMMh/FV 100 was articu-
lated, with a complete sequence of 13 caudal vertebrae
(Fig. 24). In addition to these specimens, several immature
sacral elements are preserved, which include two articu-
lated sacral vertebrae with their sacral ribs disarticulated
(DFMMh/FV 890.5, DFMMh/FV 890.3 and DFMMh/FV
890.4), isolated sacral centra (e.g. DFMMh/FV 569), sacral
ribs (e.g. DFMMh/FV 565.3, 890.7, 834.4, 553.2) and
neural arches (DFMMh/FV 862, 20, 875.2). The following
description is based on pictures of the complete sacrum,
with more detailed comments on immature elements, to
which we had direct access. It is not currently possible to
describe in detail the ontogenetic changes in this section of
the vertebral column as no complete mature elements have
been studied.
The identification of sacral structures is made possible
by the presence of several immature elements. Despite the
fact that the adult sacrum of sauropods does not preserve
the morphological pattern of presacral vertebrae (Wilson
2011), several laminae and fossae can be identified in the
immature sacral elements of Europasaurus. Therefore, we
interpret this ‘lack’ of morphology in mature specimens as
a product of the bone remodelling through sacralization.
Despite its small size, the sacrum of Europasaurus
is composed of five sacral vertebrae (Fig. 24), a condi-
tion widely distributed among non-somphospondylian
neosauropods (e.g. Salgado et al. 1997; Wilson 2002).
This information is based on the most complete spec-
imen (DFMMh/FV 100), which probably represents a
late juvenile or a subadult animal, as some of its sacral
vertebrae are fused, as are the sacral ribs to the vertebrae.
Nevertheless, the caudal vertebrae are regarded as imma-
ture, as at least some have open neurocentral sutures (see
caudal 4 in Fig. 24A, C). Based on recent information (e.g.
Wilson & Sereno 1998; Pol et al. 2011; but see McIn-
tosh et al. 1996 and Carballido et al. 2011b), we inter-
pret sacral vertebrae 2, 3 and 4 of DFMMh/FV 100 as
the two primordial (S3 and S4) plus the first dorsosacral
vertebra added in basal sauropodomorphs (S2). Therefore,
the elements S2 to S4 form the ‘primary’ sacrals, which
are present in sauropodomorphs more basal than Leon-
erasaurus,Plateosaurus being the only exception (Pol et al.
2011). The fifth sacral vertebra, judging from the pictures,
seems to be fused in someway to the ‘primary’ sacrals and is
assigned to a caudosacral vertebra, whereas the first sacral,
completely free, is assigned to a dorsosacral. Therefore,
based on the degree of fusion, specimen DFMMh/FV 100
seems to follow the sacralization model proposed by previ-
ous authors (e.g. Wilson & Sereno 1998; Pol et al. 2011),
in which the last vertebrae incorporated into the sacrum
is the dorsosacral, both during evolution and ontogeny.
No fusion scar between the sacral ribs and sacral verte-
brae was detected in this specimen, indicating that the
ribs are strongly fused with the vertebrae. Additionally, the
‘sacricostal yoke’, present in DFMMh/FV 082, whose pres-
ence is a synapomorphy of Barapasaurus and more derived
sauropods (e.g. Wilson 2002; Allain & Aquesbi 2008), is
not present in DFMMh/FV 100, an absence interpreted as
due to the ontogenetic stage of this specimen.
In early juvenile sauropods, the sacrum seems to be
composed of fewer vertebrae (i.e. fewer vertebrae artic-
ulate with the ilium), as was recently described for the early
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Figure 24. Europasaurus holgeri, DFMMh/FV 100, composed of five sacral vertebrae and the anteriormost 13 caudal vertebrae. A,
overview; B, second to fifth sacral vertebrae; C, fourth to eighth caudal vertebrae with chevrons close by but not in position.
juvenile sauropod from the Morrison Formation (SMA
0009; Carballido et al. 2012a). The other sacrum, illustrated
by Sander et al. (2006) is composed of four sacral vertebrae
(DFMMh/FV 082; Fig. 25A, B). The anterior surface of the
first preserved vertebra is slightly convex, and is recognized
as the second sacral, the first dorsosacral to be incorporated
into the sacrum, following the sequence of sacralization
proposed by Wilson & Sereno (1998) and Pol et al. (2011).
Therefore, we suggest that the first sacral was still not fused
to this sacrum, and should be a dorsosacral. Whereas the
second sacral has a convex anterior articular surface, the
posterior articular surface of the fifth sacral (the posterior-
most preserved) is flat to slightly concave. The distal ends
of the sacral ribs of these two elements are fused laterally,
forming the sacricostal yoke (Fig. 25A).
The two fused sacral vertebrae of the partially preserved
sacrum (DFMMh/FV 890.5) are regarded here as the two
primordial sacral elements (S3 and S4; Fig. 25C–E). The
prezygapophysis of the fourth sacral can be recognized on
the lateral aspect of this specimen, indicating low osseous
remodelling, and also an early ontogenetic stage. The neural
arches are well fused to the centra, whereas the sacral
ribs are disarticulated. The articulation surfaces of the ribs
show a wrinkled scar pattern, similar to that observed in
the neurocentral articulation of the anatomically immature
individuals. The sacral ribs articulate mostly ventrally with
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Figure 25. Europasaurus holgeri, sacral vertebrae. A, B, DFMMh/FV 082 in A, ventral and B, anterior views. C, DFMMh/FV 890.5,
lateral view. D, DFMMh/FV 890.3, its sacral ribs. E, DFMMh/FV 890.4, anterior view. F, G, DFMMh/FV 906, immature sacral neural
arch in F, anterior and G, posterior views. See text for abbreviations.
a V-shaped articulation. The V-shaped articulation for the
ribs is in the anterior half of the centrum and this artic-
ulation continues dorsally, becoming a thin laminar artic-
ular surface that seems to end in the lateromedial aspect
of the transverse process (Fig. 25C). Thus, we interpret
that most of the articulation of the sacral ribs is on the
parapophysis and continues through the PPDL (see below)
and that the diapophysis articulates minimally with the
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tuberculum, which is virtually absent. One lamina contacts
the ventral articulation for the sacral ribs (here identified
as the parapophysis) to the centrum; thus, this lamina is
recognized as the PCPL (Fig. 25). From the parapophysis,
a laminar articular surface runs up to the dorsal aspect of
the vertebrae. This lamina is oriented posterodorsally in its
ventral half, becoming directed laterodorsally in its dorsal
half and contacting the transverse process ventrally. We
interpret this lamina as the PPDL. Another lamina extends
anterodorsally from the posterior aspect of the centra and
contacts the PPDL at half of its height. This lamina should
be the ACDL. The PPDL forms, especially in its ventral
half, the dorsal articulation of the sacral rib. The PRCDF
is well developed and bounded by the PPDL and ACDL,
as in posterior dorsal vertebrae. This fossa mainly projects
dorsally in sacral vertebrae. The CPRL and CPOL are also
present.
The neural spine of an isolated neural arch is formed by
the paired SPRL, SPOL and also the SPDL (DFMMh/FV
906; Fig. 25F, G). No SPDL can be recognized in the
pictures of theDFMMh/FV100 specimen. Themorphology
of the first two neural spines cannot be known because only
the neural spines of the last three vertebrae were preserved
before the fire. The SPDL of this element dorsally contacts
the SPOL, forming a composed lamina, which seems not to
be expanded laterally as was the composed lateral lamina
of dorsal vertebrae, and therefore the triangular aliform
process is not present. Nevertheless, as this is an isolated
and indeed immature element, it cannot be known if its
morphology is just a product of the early ontogenetic stage
or the real adult morphology of the first sacral neural spines.
The three posterior sacral vertebrae of DFMMh/FV 100 are
simpler than this neural spine, and therefore more similar
to the morphology observed in caudal vertebrae.
Caudal vertebrae
Despite caudal vertebrae being some of the most conspic-
uous elements to be found in the fossil record, this part
of the axial skeleton is least represented among the mate-
rial of Europasaurus. Although specimen DFMMh/FV 100
preserves an articulated sequence of 13 caudal vertebrae,
further preparation is needed for a detailed description. This
is because the specimen was damaged by fire, and we have
to rely on pictures. Together with some isolated caudals (see
Online SupplementaryMaterial), these form the basis of the
description. Additionally, no information about ontogenetic
changes can be provided for caudals, as no morphological
differences were observed among the elements preserved,
apart from the neurocentral suture and disarticulation of the
transverse processes.
Anterior caudal vertebrae. In addition to specimen
DFFMh/FV 100, several caudal elements (Figs 24, 26) were
recovered that include juvenile isolated centra (DFFMh/FV
132, 716, 717) and neural arches (DFMMh/FV 240, 782),
as well as mature caudals (DFMMh/FV 133, 134, 495.3,
884, 743, 775). Anterior caudal vertebrae are identified as
those with a low ratio (<1) of total anteroposterior length
divided by the average ventrodorsal height and laterome-
dial width. Measurements for specimen DFMMh/FV 100
were taken from pictures and therefore are less reliable.
Besides the lower ratio, anterior caudal vertebrae show
well-developed transverse processes. Based on this change
in the morphology, the anteriormost 11 caudal vertebrae
of specimen DFMMh/FV are regarded as anterior caudals
(despite the slightly higher ratio obtained for the 10th and
11th caudal of this specimen).
Among the isolated caudals, DFMMh/FV (Fig. 26)
is one of the most complete elements. Anterior caudal
centra are slightly concave at both anterior and poste-
rior articular surfaces, showing the plesiomorphic state for
Neosauropoda (amphicoelous anterior caudal vertebrae).
Ventrally, the centra are slightly convex transversely, but the
anteriormost vertebrae are almost flat or only slightly exca-
vated. The lateral surfaces of the centra are smooth, without
any trace of lateral excavation or lateral ridges. The trans-
verse process is dorsoventrally flat and posteriorly curved,
slightly surpassing the posterior articular surface. A similar
orientation of the caudal transverse processes is present in
several titanosauriforms (Mannion & Calvo 2011). There-
fore, its presence in Europasaurus could indicate a more
widespread distribution among macronarian sauropods. No
diapophyseal lamina can be recognized, and it is thus
regarded as absent in Europasaurus. Although the absence
of well-developed diapophyseal laminae is a widespread
character among non-diplodocid sauropods (e.g. Wilson
2002; Whitlock 2011; Mannion et al. 2012), diapophy-
seal laminae are well developed in many rebbachisaurid
diplodocoids (Mannion et al. 2011a).
In specimen DFMMh/FV 100, the transverse processes
are well developed throughout the anteriormost 10th or
11th vertebrae, but are short from the sixth caudal and
extremely reduced in the last preserved caudal vertebrae
(regarded here as middle caudals). The neural arch is
short, with low zygapophyses, and with a total height
of less than or equal to the centrum height (Fig. 26).
The neural arch is anteriorly positioned in the centrum,
a widespread character among titanosauriforms (Salgado
et al. 1997) and closely related forms (e.g. Tastavinsaurus;
Canudo et al. 2008). The prezygapophyses slightly surpass
the anterior articular surface, and the postzygapophyses
does not show any signs of a hyposphene ridge, which is
regarded as absent, a synapomorphy of Rebbachisauridae
(Mannion et al. 2012) and Titanosauria (Upchurch et al.
2004; and present analysis). The neural spine is posterodor-
sally directed, forming an angle of around 70◦ with the
vertebral long axis. In Europasaurus, the neural spine is
lateromedially compressed, being around six times longer
than wide. A smooth but well discernible SPRL forms
the anterior edge of the neural spine laterally from the
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Figure 26. Europasaurus holgeri, anterior caudal vertebrae (DFMMh/FV 866) in A, anterior, B, lateral and C, posterior views. See text
for abbreviations.
prezygapophyses, as in other macronarians (e.g. Giraf-
fatitan; HNM SII). These SPRL do not project laterally,
which contrasts with the condition that is widespread in
diplodocoids (Whitlock 2011). Despite this, both SPRL
(left and right) closely extend onto the anterior face of the
neural spine, where a rough and low PRSL is observed.
Middle caudal vertebrae. Middle caudal vertebrae
(Figs 24, 27) are represented by the last caudals preserved in
specimenDFMMh/FV 100, which include isolated juvenile
centra (DFMh/FV 837.2) and neural arches (DFMMh/FV
286, 716, 718), and mature elements (DFMMh/FV 546,
553.1, 700.2, 558.3, 781, 719, 180). As noted above, middle
caudal vertebrae are distinguished from anterior caudal
vertebrae by their higher ratio of anteroposterior length to
the average of lateromedial width and dorsoventral height
of the posterior articular surface. Anterior middle caudal
vertebrae have weakly developed transverse processes and
facets for the chevron articulation, which are easily distin-
guished in posterior view (Fig. 27D). As for the ante-
rior caudal vertebrae, the middle caudal centra are amph-
icoelous without lateral excavations. The ventral surface is
convex. The neural arches are anteriorly placed with the
posterodorsally inclined neural spine. The prezygapophy-
ses are long and surpass the anterior articular surface. The
neural spine is anteriorly formed by both SPRL, which
seem to enclose a narrow and rough PRSL (Fig. 27A).
Figure 27. Europasaurus holgeri, middle caudal vertebrae (DFMMh/FV 553.1) in A, anterior view showing B, the details of the neural
spine laminae, C, left lateral and D, posterior views with E, details of the neural spine in posterior view. See text for abbreviations.
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Figure 28. Europasaurus holgeri, posterior caudal vertebrae in
left lateral view. A, DFMMh/FV 549.3; B, DFMMh/FV 882.
Posteriorly, both SPOL (left and right) can be well recog-
nized. These laminae laterally enclose the POSL, which is
rough and similar in morphology and size to the PRSL.
Posterior caudal vertebrae. Among the isolated posterior
caudal vertebrae (Fig. 28), juvenile centra (DFMMh/FV
784) and neural arches (DFMMh/FV 844.4, 745), as well
as mature specimens (DFMMh/FV 744, 549.2, 548, 882,
549.1, 549.3, 47 and 565.2), are represented. Posterior
caudal vertebrae were identified by a higher ratio (>1.5) of
centrum length compared with the average of the posterior
articular surface width and height. As in other sauropods,
posterior centra are relatively simple, lacking transverse
processes and chevron facet articulations. The centra of
posterior caudals are amphicoelous, with the neural arch
anteriorly placed, although in posteriormost caudals it
seems to be placed in a more medial position (DFMMh/FV
882, Fig. 28B). The ventral surface of the centra is slightly
convex or almost flat. The prezygapophyses slightly surpass
the anterior articular surface, and the simple neural spine
is posterodorsally directed. No laminae can be identified in
posterior caudals.
Cervical ribs
Several isolated cervical ribs were recovered from the
quarry, but only those from specimen DFMMh/FV 838
can be unequivocally associated with its vertebrae (Fig. 9).
The ribs are longer than the cervical centra, being
approximately twice the centra length, a widespread char-
acter among macronarians except for Bellusaurus (IVPP
V8299) and Phuwiangosaurus (Suteethorn et al. 2010).
The ribs show differences in the angle between the capit-
ulum and the tuberculum, as well as in the size of their
process, indicating different positions in the neck, as the
diapophysis becomes higher in the neural arch. Thus,
some ribs can be identified as anterior cervical ribs (e.g.
DFMMh/FV 469, 652.10, 652.11) and posterior cervical
ribs (e.g. DFMMh/FV 544, 652.12, 834.6). In anterior
cervical ribs, the capitular and tuberculum processes form
a closed angle, which is smaller than 40◦, but in poste-
rior cervical ribs, the angle between these processes is a
little greater than 90◦. A morphological change correlates
with the higher position of the diapophysis through the
cervical series. A laminar connection reinforces the tuber-
culum and capitulum processes against one another, which
is more developed in posterior cervical ribs. The capitulum
is always larger than the tuberculum, especially in more
anterior cervical ribs, in which the capitular articulation is
twice as long anteroposteriorly as the tuberculum articula-
tion. The capitulum is around twice as long as it is high,
with an anterior rounded convexity and an anterior rounded
concavity, which articulate to its counterparts in the para-
pophysis. In posterior cervical ribs, the anterior concavity
becomes small, whereas the posterior convexity remains
well developed, giving the articulation a more oval shape.
The tuberculum is more or less flat and longer than it is
higher in anterior cervical ribs, and rounded in posterior
cervical ribs. A short triangular-shaped anterior projection
is present in all of the ribs. The posterior projection, or shaft
of the ribs, is long and gracile. The shaft is proximally flat,
becoming rounded distally. No pneumatopore or any other
pneumatic structure is present in the cervical ribs.
Dorsal ribs
Several dorsal rib elements are preserved. The descrip-
tion is based on the most complete elements, with well-
preserved proximal ends. When these ribs are compared
with those from Giraffatitan (Janensch 1950, figs 97–106),
it is evident that most are anterior to middle dorsal ribs
(e.g. DFMMh/FV 652.3, 652.9) and only some are posterior
dorsal ribs (e.g. DFMMh/FV 709.1). The anterior to middle
dorsal ribs are identified as those with a short capitular
process and a large tuberculum process, whereas the poste-
rior dorsal vertebra has well-developed processes, almost
forming a right angle. At its proximal end, the anterodorsal
ribs are anteroposteriorly flat but distally rounded through
most of the rib shaft. In contrast, the shaft of the posterior
dorsal ribs is anteroposteriorly flat, forming a plank-like
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shape. As in the cervical ribs, no pneumatopore or internal
pneumaticity is present in any of the dorsal ribs, differing
from the derived condition of Euhelopus and titanosauri-
form sauropods.
Chevrons
As observed in specimen DFMMh/FV 100 (Fig. 24),
the chevrons of Europasaurus are proximally open as
in other non-flagellicaudatan neosauropods (e.g. Wilson
2002). Therefore, the chevrons are Y-shaped, straight and
open (Otero et al. 2012). The haemal canal of the chevrons
seems to be large and occupies almost half of the total
chevron length, as is evident in the chevron associated with
the eighth caudal vertebra. Distally, the distal process of
the chevron is slightly expanded. No further morphological
information is currently available for this region as only a
few chevrons have been recovered.
Phylogeny
Autapomorphic characters
The complete description of the axial elements allowed
us to identify two new autapomorphic characters in
Europasaurus. Additionally, one of the supposedly autapo-
morphic characters previously defined (Sander et al. 2006)
can be reinterpreted and is not included in the revised diag-
nosis above.
Absence of ACDL in anterior cervical vertebrae. The
ACDL, as well as the other three principal diapophyseal
laminae (PCDL, PRDL and PODL), is normally present
in all the presacral vertebrae of sauropods (Wilson 1999).
Therefore, as was noted by Wilson (1999), the absence
of one or more of these laminae may be diagnostic at
lower taxonomic levels. In Europasaurus, the absence of
the ACDL precludes the presence of the PRCDF because
this lamina forms the posterior edge of this fossa, distin-
guishing it from the CDF (Wilson et al. 2011). Therefore,
only the CDF was identified in the anterior cervical verte-
brae of Europasaurus. When the ACDL first appears in
middle cervical elements, the PRCDF can be distinguished
as well. Here we interpret the absence of the ACDL in
anterior cervical vertebrae of Europasaurus as an autapo-
morphic character of this taxon.
Cervical vertebrae with pre- and postspinal laminae.
Among sauropods, the presence of prespinal and post-
spinal laminae in posterior dorsal, sacral and caudal verte-
brae is a widespread character (Wilson 1999). These two
single laminae, which probably served as the attachments
of interspinous ligaments, are rarely present in cervical
neural arches (Wilson 1999; Salgado & Powell 2010).
However, they are present in the entire cervical series of
Europasaurus. The presence of these laminae was regarded
as an autapomorphic character of Isisaurus colberti (Wilson
2002; Wilson & Upchurch 2003). Thus, due to the widely
separated phylogenetic position of these two taxa (e.g.
Sander et al. 2006; Carballido et al. 2011b), the presence
of well-developed PRSL and POSL in Europasaurus is
interpreted as an autapomorphic character of this taxon
that was convergently acquired in Isisaurus.
Phylogenetic analysis
Europasaurus was originally recovered as a basal cama-
rasauromorph (Sander et al. 2006), a position found in all
three datamatrices analysed by these authors (i.e. Upchurch
1998; Wilson 2002; and a modified version of Upchurch
et al. 2004). This position was subsequently recovered in
different analyses that incorporate some basal macronarian
sauropods (Carballido et al. 2011a, b). All of these analy-
ses place Europasaurus as a basal camarasauromorph. In
order to further refine our understanding of the phyloge-
netic position of Europasaurus and the early evolution of
macronarian sauropods, a new phylogenetic analysis was
performed.
The phylogenetic analysis was carried out through a
cladistic analysis using the data matrix of Carballido et al.
(2012b), which was constructed using Mesquite V. 2.74
(Maddison & Maddison 2011) and is composed of 341
characters and 71 taxa (Online Supplementary Material).
This data matrix is based on Wilson (2002), with the
incorporation of previously used characters (e.g. Salgado
et al. 1997; Upchurch et al. 2004; Harris 2006; Gonza´lez
Riga et al. 2009; Whitlock 2011; Mannion et al.
2012). With respect to the data matrix of Carballido
et al. (2011a), several forms were added, including
10 basal taxa related to the origin of Sauropoda
(Chinshakiangosaurus, Mussaurus, Antetonitrus, Lessem-
saurus, Gongxianosaurus, Amygdalodon, Isanosaurus,
Vulcanodon, Barapasaurus and Cetiosaurus), two forms
more closely related to the origin of Neosauropoda
(Turiasaurus and Losillasaurus), six rebbachisaurids
(Amazonsaurus, Histriasaurus, Rayososaurus, Catharte-
saura, Demandasaurus and Comahuesaurus), two
dicraeosaurids (Suuwassea and Brachytrachelopan), and
three camarasauromorphs (Bellusaurus, Cedarosaurus and
Tapuiasaurus). Brachiosauruswas split into Brachiosaurus
and Giraffatitan. Of the 49 multistate characters, 24 were
analysed as ordered (12, 58, 95, 96, 102, 106, 108, 115, 116,
119, 120, 154, 164, 213, 216, 232, 233, 234, 235, 256, 267,
298, 299, 301). The ordering of these characters is based
on morphological similarities between the states instead of
hypotheses on the evolutionary sequence of character trans-
formation, as was also done in other phylogenetic analysis
(e.g. Upchurch 1998; Upchurch et al. 2004).
An equally weighted parsimony analysis was carried out
using TNT v.1.1 (Goloboff et al. 2008a, b). A heuristic
tree search was performed starting from 1000 replicates
of Wagner trees (with random addition sequence of taxa)
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Figure 29. Strict consensus tree obtained from the 38 most parsimonious trees. Support values are indicated for each node (Bremer
support index higher than 1; bootstrap and jackknife values higher than 50%).
followed by tree bisection-reconstruction (TBR) branch
swapping (saving 10 trees per replicate). This procedure
retrieved four most parsimonious trees (MPTs) of 998 steps
(consistency index (CI) = 0.406; retention index (RI) =
0.725), found in 421 of the replicates. The strict consensus
tree (Fig. 29) is almost completely resolved.
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Branch support. In order to evaluate branch support,
bootstrap, jackknife and Bremer support values were anal-
ysed under the TNT implemented functions. Absolute boot-
strap (with standard replacement) and jackknife values
(with 36% of removal probability) were calculated. The
results (Bremer support higher than 2 and bootstrap and
jackknife values greater than 50%) are shown in Fig. 29.
The support obtained for macronarian branches is relatively
low, with only a few nodes having Bremer support values
higher than 1 and bootstrap and jackknife values higher
than 50%. The low support may result from both missing
data and/or the instability of one or more taxa (wild-cards
sensu Nixon & Wheeler 1992) in suboptimal trees (one or
more steps longer than the MPTs).
In order to evaluate the general causes of low branch
support, analyses were undertaken to determine which taxa
are the most unstable and their impact on the recovery
of low values. For this approach, suboptimal tree searches
were performed. In an initial analysis, MPTs and trees that
were one step longer were searched. The tree search was
performed following the same procedure described above,
that is starting from 1000 Wagner trees (with random addi-
tion sequences), followed by TBR branch swapping (saving
10 trees per replicate). As a way of finding the most unsta-
ble taxa (which is the cause of the low support observed in
the MPTs), the trees obtained were analysed with iterPCR
(Pol & Escapa 2009). This procedure found 21 unstable
taxa (Fig. 30). If these taxa are pruned from the recovered
trees (MPTs and MPT + 1 step), the branches recovered
have Bremer values equal to or greater than 2 (Fig. 30), and
are therefore the most stable branches. In general, it was
observed that the unstable taxa do not show very different
positions from those recovered in the MPTs. The causes
of instability are mainly the absence of information (miss-
ing data) and, in most of the taxa, a conflict in less than
5% in the characters (i.e. supporting different positions). It
must be also noted that most of the unstable taxa are fairly
incomplete, generally with less than 20% of the charac-
ters scored. The same procedure was applied to trees two
steps longer than the MPTs. The unstable taxa identified
in this second analysis are marked with a cross in Fig. 30,
and these unstable taxa are more stable than the previously
eliminated taxa. Once these taxa are pruned, the resulting
branches have Bremer support values equal to or greater
than 3. Although this procedure is extremely exploratory,
it allows us to identify the most unstable zones of the tree
where further efforts are needed, both in terms of taxon
sampling and searching for new characters.
As a result of these analyses, two further areas of conflict
(i.e. with lower support) can be identified. One is at the
base of Camarasauromorpha (between Europasaurus and
Titanosauriformes), and the other includes several basal
titanosauriforms and taxa closely related to the origin of
Titanosauria. As was noted by Kearney & Clark (2003), the
exclusion of unstable taxa from a phylogenetic analysis will
certainly result in a more ‘robust’ tree (with higher support
values). However, the inclusion of such taxa provides a
wider perspective on the evolution ofMacronaria, evenwith
the low support values observed. Low support also implies
that small changes (e.g. in the coding of characters and
the addition of one or more taxa) will produce topological
differences.
Basal macronarian interrelationships. The results of the
phylogenetic analysis are briefly described here; a complete
and detailed discussion of the synapomorphies recovered
and their distributions among basal macronarians can be
found in the Online Supplementary Material. The anal-
ysis recovered Europasaurus in a basal position among
camarasauromorphs, as originally suggested by Sander
et al. (2006). Haplocanthosaurus was recovered at the
base of Macronaria, a result that contrasts with its recent
assignment to Diplodocoidea (Whitlock et al. 2011) but
is similar to the position recovered by Upchurch (1995),
Wilson & Sereno (1998) and Upchurch et al. (2004)
(but not in the reanalysis of this matrix by Wilson &
Upchurch 2009), as well as some trees in Mannion et al.
(2012). Tehuelchesaurus, Tastavinsaurus,Galvesaurus and
Euhelopus were recovered as basal camarasauromorphs,
as was also suggested by Carballido et al. (2011a, b),
although with some slight differences in their interrela-
tionships. These differences clearly reflect the low support
values obtained for Macronaria and the sensitivity of the
phylogenies to taxon and character sampling. The clade
Brachiosauridae is recovered in our analysis, showing for
the first time fully resolved relationships.
Ontogenetic changes in the axial skeleton
Ontogenetic changes in the postcranial axial skeleton are
poorly known in sauropods and most of this knowledge
is based on isolated bones (e.g. Carpenter & McIntosh
1994; Foster 2005), which mainly represent late juvenile
to subadult specimens (e.g. Ikejiri et al. 2005; Tidwell
& Wilhite 2005). The identification of such changes has
a great impact not only on improving our knowledge of
the ontogenetic transformations in sauropods, but also
on the systematic classification of early juvenile speci-
mens. Furthermore, the improvement in knowledge of these
changes could give some insights into the recognition of
heterochronic processes in the evolution of sauropods.
The postcranial axial elements described above repre-
sent a range of morphological ontogenetic stages, proba-
bly from early juvenile to fully grown individuals (Sander
et al. 2006). Most of this information is based on the
presacral section, the best represented section in the
Europasaurus material. The cervical and dorsal verte-
brae of sauropods have a complex arrangement of lami-
nae and fossae, which is of great systematic value (e.g.
Bonaparte 1999;Wilson 1999; Salgado et al. 2006; Salgado
& Powell 2010). Therefore, the morphological differences
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Figure 30. Strict consensus tree obtained after the pruning of more unstable taxa in suboptimal trees of one (left column) and two (star)
steps longer than the MPT.
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observed in Europasaurus provide an excellent opportu-
nity for better understanding morphological transforma-
tions during ontogeny. Because most of the axial bones
were found isolated and without unequivocal association
with long bones, histology cannot be used to detect ontoge-
netic stage in these specimens. Although size is generally
correlated withmaturity (Brochu 1996), many factors influ-
ence growth rate. Indeed, identifying ontogenetic stages
only with size (as was recently done byWoodruff & Fowler
2012) is ill-advised (e.g. Brinkman 1988; Brochu 1996;
Irmis 2007). Consequently, the use of size-independent
maturity criteria is advisable to recognize discrete onto-
genetic changes (Brochu 1996).
Two easily identifiablemain stageswere recognized in the
postcranial axial skeleton of Europasaurus, vertebrae with
open neurocentral sutures and vertebrae with completely
closed sutures. These two states were used throughout the
description to differentiate immature elements (with open
neurocentral sutures) from mature elements (with closed
neurocentral sutures). Assessment of closure is easy in the
case of Europasaurus because an open suture inevitably
seems to have led to complete taphonomic separation of
the neural arch from the centrum.
The neurocentral fusion of the last vertebra indicates
that all major morphological changes had been completed
and thus the specimen is morphologically mature (Brochu
1996). Full morphological maturity cannot currently be
detected in Europasaurus because no clear pattern of
suture closure is observed in Neosauropoda (Ikejiri 2003;
Irmis 2007; Gallina 2011), and because no articulated
specimens are known. Therefore, in this study the terms
mature and immature are not directly associated with the
morphological maturity of the entire specimen but rather
to the morphology of isolated elements. The identifica-
tion of additional size-independent morphological charac-
ters allows us to divide the mature and immature elements
into further stages. A summary of these changes is provided
below.
Atlas–axis complex
All atlas and axis elements were found disarticulated,
and thus were identified as immature. The most signif-
icant changes in these elements are the elongation of
the neurapophysis and the increasing development of the
epipophysis, DFMMh/FV 632 being more immature than
DFMMh/FV 791 (Fig. 1E–I). The ontogenetic elonga-
tion of the cervical vertebrae is well documented in basal
sauropodomorphs (e.g.Massospondylus; Reisz et al. 2010)
and neosauropods (e.g. Camarasaurus, SMA 0009; Ikejiri
2004; Schwarz et al. 2007), and therefore is to be expected
in Europasaurus. Additionally, the axis shows that the
POCDF is not present in early stages (DFMMh/FV 563.2;
Fig. 2A–C) but appears before neurocentral closure as it
is present in DFMMh/FV 706.1 (Fig. 2D–F). The POSL is
present in the most immature element, in which the area
is discernible as a postspinal scar (Fig. 2A–C). It is also
present in the more mature (but still immature) element
(Fig. 2D–F), thus appearing before the element matures.
Because no mature atlases or axes were recovered, the
immature elements cannot be compared with a completely
mature atlas–axis complex.
Cervical vertebrae
Five different morphological ontogenetic stages (MOS)
can be recognized among the preserved cervical vertebrae
(Table 1; Fig. 31). These different ontogenetic stages are
mainly based on the observations made in anterior cervical
vertebrae, because this part is the best represented among
theEuropasaurusmaterial. Three different immature stages
were recognized, termed MOS 1 (early immature), MOS 2
(middle immature) and MOS 3 (late immature) (Fig. 31).
Although no centra were found in association with the
immature neural arches, the two are tentatively linked. Due
to the slightly different development of fossae and lami-
nae, the mature elements (with closed neurocentral suture)
could also be divided into two further stages, MOS 4 (early
mature) and MOS 5 (late mature).
MOS 1 (early immature). In the first stage, MOS 1, the
main laminae of the neural arches (excluding the neural
spine) are only slightly developed but present. The presence
of neural arch laminae in early ontogenetic stages is also
supported by their presence in the early juvenile sauropod
SMA 0009 (Schwarz et al. 2007; Carballido et al. 2012a),
Table 1. Different morphological ontogenetic stages (MOS) of the cervical vertebrae, indicating the absence (−), weak development
(−+), presence (+), and full development (++) of the most relevant characters that changes through ontogeny.
MOS PL CDF SPRL PCDF PPLE PRSL NTCH
1 −+ −+ −+ −+ − − −
2 + + + −+ − − −
3 + + + + + + −+
4 + + + + + + +
5 ++ + + + + + ++
MOS: morphological ontogenetic stage; PL: pleurocoel; CDF: centrodiapophyseal fossa; PCDF: posterior centrodiapophyseal fossa; PPLE: fossae on the
lateral surface of the prezygapophysis process; PRSL: prespinal lamina; NTCH: notch on the posterodorsal surface of the centrum.
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Table 2. Morphological ontogenetic stages (MOS) of the dorsal vertebrae, indicating the absence (−), weak development (−+),
presence (+), and full development (++) of the most relevant characters that change through ontogeny.
MOS PL NS SPDL PRSL TLE CDFPN
E–I − L –+ – – –
M–I − LW –+ –+ – –
L–I ? WL + + + –+
M + W + + + +
MOS: morphological ontogenetic stage; NS: neural spine shape (L: longer than wide; LW: as long as wide; WL: slightly wider than long; W: markedly
wider than long); SPDL: spinodiapophyseal lamina; PL: pleurocoel; PRSL: prespinal lamina; TLE: triangular lateral expansion of the neural spine;
CDFPN: pneumatopore in the centrodiapophyseal fossa.
which may have been only a few months old (Schwarz
et al. 2007; Klein & Sander 2008). Most of the fossae
observed in mature specimens are present in earliest onto-
genetic stages as weakly developed excavations, except for
the lateral excavation of the neural spine and prezygapophy-
seal processes,which are absent in the early stages.Whereas
the paired zygapophyseal laminae (SPOL and SPRL) are
present in the first immature stage, the single spinal lami-
nae (PRSL and POSL) cannot be recognized even as low
scars (DFMMh/FV 1031, 833.1). Several immature centra
are included in this stage (e.g. DFMMh/FV 857.1). In
these centra, the pleurocoels are only slightly developed
as more or less shallow lateral excavations, which are
extremely vascularized, indicating fast remodelling. The
immature specimen from the Morrison Formation (SMA
009), recently suggested to be a brachiosaurid (Carballido
et al. 2012a), shows similar development of its laminae and
fossae and can be regarded as stage MOS1.
MOS 2 (middle immature). The neural arches assigned
with the MOS 2 show a deep and well-developed CDF,
whereas the POCDF persists as a weakly developed fossa.
The paired laminae of the neural spine are better devel-
oped and clearly distinguishable. The single spinal laminae
(PRSL and POSL) are not developed yet, but discernible as
low scars (DFMMh/FV 119). Isolated centra in which the
pleurocoels are well marked but not very deep are assigned
to this stage. The surface of those pleurocoels is extremely
vascularized, as is typical of fast growing tissues (Varric-
chio 1997).
MOS 3 (late immature). It is not until the most advanced
immature stage (MOS 3) that all the fossae and laminae are
well developed, even the lateral excavations present on the
neural spine and on the prezygapophyseal processes (which
are not identifiable in the earlier stages). The PRSL and the
POSL, absent in earlier stages (or only recognized as rough
surfaces), can be clearly recognized in this stage but are still
not aswell developed as inmature bones. The isolated cervi-
cal centra with well-developed pleurocoels and a slightly
developed posterior notch are included in this stage, and
show the more advanced immature morphology among the
isolated centra. The surface of the pleurocoels is not as
vascularized as in the preceding stage. In the MOS 3, all
the morphological characters present in mature vertebrae
can be easily recognized, even the autapomorphic charac-
ters of Europasaurus, as the PRSL and POSL. Therefore,
the elements with a MOS 3, although still immature, can
unequivocally be assigned to Europasaurus holgeri.
MOS 4 and 5 (mature cervical elements). Early mature
elements (MOS 4) are recognized by their complete neuro-
central closure and a slightly poorer development of the
pleurocoels and posterior notch of the centrum. Inter-
nally, the pleurocoels of these centra are small areas with
extremely vascularized bone surface, especially in the
posterior half. Late mature cervical vertebrae (MOS 5) are
differentiated from those of MOS 4 solely on the basis of
more complete and deep fossae. These elements show a
completely smooth bone surface in all their cavities, which
is interpreted as resulting from slower growth. The posterior
notch is well marked.
Dorsal vertebrae
Most of the isolated and immature dorsal vertebrae are iden-
tified as middle, or middle to posterior dorsal elements.
Among immature elements three major MOS are recog-
nized (Table 2; Fig. 31): MOS 1 (early immature), MOS 2
(middle immature) and MOS 3 (late immature) (Fig. 31).
Among the preserved mature dorsals only one MOS can be
identified (MOS 4; mature).
MOS1 (early immature dorsals). InMOS 1 (early imma-
ture), all laminae of the neural arch are well developed
whereas the neural arch fossae (CDF, PRCDF and POCDF)
are present but not as deep as in subsequent stages. The
pneumatopore of the CDF is not present in this stage.
The neural spine shows two of the three paired laminae
observed in mature vertebrae (SPRL and SPOL), but the
pSPDL cannot be properly recognized. The single spinal
laminae (PRSLandPOSL) are also absent inMOS1. There-
fore, in this first MOS the neural spine remains extremely
simple, resembling the plesiomorphic condition observed
in basal sauropodomorphs such as Plateosaurus (Galton
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Figure 31. Major ontogenetic changes in the presacral elements
of Europasaurus holgeri. A, more drastic changes observed from
earliest stages to pre-mature stage (MOS1–MOS3). B, histo-
logical ontogenetic stages (HOS) curve showing the place in
which morphological ontogenetic stages (MOS) should proba-
bly have taken place. C, largest adult Europasaurus compared
with expected size of immature specimens in different ontoge-
netic stages (based on the largest morph of Europasaurus) (after
Brachiosaurus and Camarasaurus reconstructions of Wilson &
Sereno 1998). NCF: neurocentral fusion; SM: inferred sexual
maturity time (Klein & Sander 2008).
2001), in which the spine is longer than wide. A similar
neural spine was described for the juvenile specimen SMA
0009 from the Morrison Formation (Schwarz et al. 2007;
Carballido et al. 2012a) and also seems to be present in
juvenile Phuwiangosaurus vertebrae (Martin 1994). The
SPDL was also described as being absent in juvenile dorsal
vertebrae of the basal sauropod Tazoudasaurus (Allain &
Aquesbi 2008). Although no dorsal centrum was associ-
ated with the neural spines of this stage, the less-developed
centra described above are attributed to MOS 1. These
centra are opisthocoelous and without pleurocoels or lateral
fossae, as is also observed in SMA 0009 (Carballido et al.
2012a). The dorsal centra assigned here to MOS 1 are
clearly different from the MOS 1 of cervical vertebrae in
which lateral excavations are observed. This same differ-
ence was observed in the juvenile specimen from theMorri-
son Formation (Schwarz et al. 2007; Carballido et al.
2012a). Therefore, we interpret this as a product of a cervi-
codorsal trend in the ontogenetic development of internal
pneumaticity, as has been described for birds, paralleling the
evolutionary trend in sauropods (Wedel 2009; Carballido
et al. 2012b).
MOS 2 (middle immature dorsals). The middle imma-
ture stage differs from the previous stage mainly in the
arrangement of the neural spine laminae and the widening
of the neural spine. The pSPDL is present in this MOS as
a weakly developed lamina which runs close to the PODL
(DFMMh/FV 243). The low neural spine is as wide as it
is long. The PRSL and POSL are not present in this MOS
but, contrary to MOS 1, a low postspinal and prespinal scar
can be identified in this region; these are recognized as the
incipient PRSL and POSL. The lateral excavations of the
neural arches do not greatly differ from those of MOS 1.
MOS 3 (late immature dorsals). As for the cervical
vertebrae, the MOS 3, which corresponds to the more
advanced immature elements, does not differ greatly from
the mature stage (MOS 4) but lacks the neurocentral suture
closure. Inside the CDF, below the transverse process, a
very deeply excavated area can be recognized, which is
identified as the CDF pneumatopore (DFMMh/FV 857.2),
but supraneural camerae are absent. In this stage, the neural
spine laminae are well developed, resulting in an expanded
neural spine, slightly wider than long (a synapomorphy
of Gravisauria; Allain & Aquesbi 2008). The triangu-
lar aliform process, widely distributed among macronar-
ian sauropods (e.g. Wilson 2002; Upchurch et al. 2004),
can be recognized. Therefore, as with the last immature
stage of the cervical vertebrae (MOS 3), all of the adult
characters that carry important systematic information, but
well-developed supraneural camerae, can be recognized
and correctly scored in the late immature stage, though
not earlier. An isolated dorsal centrum described above
(DFMMh/FV 568) has well-developed pleurocoels, and
therefore can be differentiated from the more immature
centrum assigned to the early immature stage (MOS 1).
Because it cannot be determined whether this centrum is a
middle dorsal (that has internal camerae in mature spec-
imens), or a posterior dorsal (without internal camerae
D
ow
nl
oa
de
d 
by
 [A
me
ric
an
 M
us
eu
m 
of
 N
atu
ral
 H
ist
or
y]
 at
 05
:07
 25
 M
arc
h 2
01
3 
46 J. L. Carballido and P. M. Sander
in mature specimens), it remains unknown whether the
camerae formed before or after neurocentral suture closure.
Nevertheless, mature internal pneumatic features seem to
be developed before the closure in other neosauropods (e.g.
Alamosaurus, Bonitasaura; Woodward & Lehman 2009;
Gallina 2011).
MOS4 (mature dorsals). In the singlemature stage recog-
nized all the fossae and laminae are well developed. The
main difference between MOS 4 and MOS 3 is the degree
of development of the laminae and fossae. For example, the
CDF pneumatopore (also present in MOS 3) is more devel-
oped and penetrates deeply into the neural arch to form the
supraneural camerae, which are lacking in early MOS.
Sacral vertebrae
Current knowledge on the ontogenetic changes in the
formation of the sacrum, or sacralization, in Europasaurus
is minimal as no complete adult sacrum has been observed.
Nevertheless, some information related to the stages of
fusion deserves to be mentioned here. Wilson (2011)
adopted the interpretations of Marsh (1895) and Hatcher
(1903) in which three separate units can be recognized
in the sacrum – neural arch, centrum and sacral ribs –
a nomenclature also followed here. The sacral elements
of Europasaurus provide some information related to the
sequence of fusion among these units, making it possible
to recognize three different stages:
1. As is evident in element DFMMh/FV 890.5, the
first stage is composed of two fused sacral vertebrae
regarded as the primordial sacrals; the neural arch and
centrum fuse with each other before fusion of the ribs
and also before fusion of the two primordial sacrals
with the other sacral centra. At this stage, the prezy-
gapophysis is still distinguishable because its shape is
similar to that observed in caudal vertebrae (Fig. 25).
2. A more advanced stage is recognized in DFMMh/FV
100 in which the sacral ribs are fused to the vertebrae,
and sacrals two to five are also fused to some degree.
At this stage, the sacricostal yoke is still not present.
The presence of some open neurocentral sutures in
the caudal vertebrae indicates that this stage precedes
complete neurocentral closure of the caudal region
(Fig. 24).
3. A third stage is observed in element DFMMh/FV
082, in which four sacral centra are fused with a fifth
‘free’ sacral (possibly the dorsosacral). At this stage,
before fusion of the fifth sacral, the sacricostal yoke
is present, at least from S2 to S4 (Fig. 25).
Sacral vertebrae homology. The homology of sacral
vertebrae is far from well known. Here we follow the
hypothesis recently proposed by Wilson & Sereno (1998)
and Mu¨ller et al. (2010) in which a dorsosacral is first
added to the two primordial sacral vertebrae, forming the
three primordial sacral vertebrae of sauropodomorphs, into
which a caudosacral and an additional dorsosacral verte-
brae are incorporated. Nevertheless, at least a few exam-
ples do not seem to follow this pattern (e.g. McIntosh et al.
1996; Carballido et al. 2011b). The addition of vertebral
elements to a section of the trunk (e.g. cervical, dorsal
and sacral) can take place by two main processes: addition
of new elements, or incorporation of elements of adjacent
sections (e.g. dorsal vertebrae are incorporated into the
neck, or caudal and dorsal vertebrae are incorporated into
the sacrum). The hypothesis of Wilson & Sereno (1998)
and Mu¨ller et al. (2010) only takes into account the second
process (incorporation), whereas addition is not considered.
Whereas basal synapsids share a conservative axial
configuration, reptiles show plasticity in axial developmen-
tal, a product of both homeotic regionalization and somi-
togenesis (Mu¨ller et al. 2010). Differences in the speed
of the ‘segmentation clock’ (molecular oscillator), which
controls somitogenesis, result in a variable number of verte-
brae (see Mu¨ller et al. 2010). Addition of presacral verte-
brae is well known in the evolution of sauropods (Wilson
& Sereno 1998). Whereas the plesiomorphic number of
presacral vertebrae for sauropodomorphs is regarded as
24, Shunosaurus has 26 and Omeisaurus 28, indicating
the formation of new elements (addition), a process that
can be suggested for other sauropods (e.g. Euhelopus,
Futalongkosaurus; Wilson & Upchurch 2009; Calvo et al.
2007). Therefore, somitogenesis could also alter the number
of sacral vertebrae (as it does for presacral and caudal
elements), and the incorporation of dorsal and caudal verte-
brae would not be the only explanation for an increment
increase in sacral elements. Although difficult to observe in
fossil record (as also is incorporation), the possible addition
of sacral vertebrae via somitogenesis should be taken into
account, especially when elements are being homologized.
MOS, systematic and evolutionary
implications
In order to test the phylogenetic signal of the different MOS
recognized in the presacral axial skeleton of Europasaurus,
the four main MOS were included in the phylogenetic data
matrix (Online Supplementary Material). MOS 4 and 5 of
cervical vertebrae were combined because no phylogenetic
difference was detected between them (they scored equally
for all characters). Thus, MOS 1, MOS 2, MOS 3 andMOS
4 were scored, combining in each MOS the information
from cervical and dorsal elements, and treated as different
terminals. The analysis was carried out forcing the mono-
phyly of the recovered groups in the MPTs, adding the four
MOS, and followed by a constraint search starting from
1000 replicates and saving 10 trees per replicate.
This analysis recovered MOS 1 and MOS 2 in a basal
position among sauropods, both being grouped in a clade
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with Cetiosaurus (as sister taxon to MOS 1 and MOS
2) and Patagosaurus as the most basal form (Online
Supplementary Material). The absence of the SPDL
supports the monophyly of this clade (with a reversion in
MOS 2 inwhich this lamina is slightly developed). As noted
above, the presence of the SPDL is a widespread character
among sauropods (e.g. Allain & Aquesbi 2008). There-
fore, among sauropods, the absence of this lamina could
be considered as a product of the retention of a juvenile
character, a paedomorphic process in lineages that lack this
lamina. The presence of narrow neural spineswas recovered
as an apomorphic character ofCetiosaurus plusMOS 1 and
MOS2.Whereaswider neural spines arewidespread among
sauropods (e.g. Wilson 2002), narrow neural spines are not
usually present, and have been described only for Jobaria
and Tehuelchesaurus (Sereno et al. 1999; Carballido et al.
2011b). Therefore, the shape of the neural spine in these
taxa could be also a result of a paedomorphic process.
The monophyly of MOS 1 and MOS 2 is supported by
four characters. In these MOS, both SPRL run extremely
close to each other, and therefore no wide fossa is present.
This morphology mainly resembles the neural spine of
basal sauropodomorphs. The second character support-
ing this assemblage is the presence of opisthocoelous
middle and posterior dorsal centra in MOS 1 and MOS
2. This condition is a derived character that evolved twice,
in Mamenchisaurus + Omeisaurus, and in camarasauro-
morphs. Therefore, its presence in MOS 1 and MOS 2
of Europasaurus, and also in the early juvenile sauropod
from the Morrison Formation SMA 0009 (Carballido et al.
2012a), indicates that this derived character appears early
in ontogeny. Additionally, the cervical neural lamination is
rudimentary, a plesiomorphic character among sauropods
convergently acquired in derived titanosaurs.
In contrast to MOS 1 and MOS 2, MOS 3 and MOS 4
cluster with Europasaurus (scored with all the information
available) in amonophyletic assemblage. Several characters
support this grouping: (1) whereas the cervical vertebrae of
MOS 1 and MOS 2 lack pleurocoels (or they are not poste-
riorly marked), in advanced immature and adult specimens
of Europasaurus, the pleurocoels are simple, an unusual
character among basal macronarian taxa; (2) as noted and
discussed above, the posterior notch present in the cervi-
cal vertebrae is not a unique autapomorphic character of
Europasaurus but an unusual character among sauropods;
this notch is developed in some way in late immature and,
even more so, in mature specimens of Europasaurus, and is
recovered as a synapomorphy of this group; (3) the presence
of a prespinal lamina in cervical vertebrae of late imma-
ture and adult specimens, an autapomorphic character of
Europasaurus convergently acquired in Isisaurus, supports
the clustering of MOS 3 and 4 with Europasaurus; (4) the
lateral excavation in the prezygapophyseal process is recov-
ered as a synapomorphic character of Brachiosaurus +
Giraffatitan, convergently acquired in Europasaurus; as for
the other characters discussed here, these lateral excava-
tions appear in late immature specimens before neurocen-
tral suture closure; and (5) the ventral contact of the SPDL
(present since MOS 2) and the SPOL (present in all the
MOS) is recovered as a synapomorphy of MOS 3, MOS 4
and Europasaurus because it is an unusual character among
basal macronarians that normally showmore dorsal contact
(e.g. Camarasaurus; Osborn & Mook 1921).
One of the most interesting results of the analysis
presented here is that whereas the presacral region of early
immature specimens presents several plesiomorphic char-
acters, placing them in a basal position among sauropods,
the phylogenetic information for late mature specimens
unequivocally retrieves MOS 3 with adult Europasaurus.
This implies that before neurocentral closure, but in a late
immature stage (such as MOS 3), the morphology of juve-
nile Europasaurus closely resembles that of adult forms
(at least for the presacral axial skeleton). Therefore, late
juveniles can be regarded as phylogenetically mature (i.e.
with the same phylogenetic information observed in adult
forms). For the moment it is not known how much this rule
can be extended among sauropodomorphs.
The current lack of knowledge on the ontogenetic
changes in sauropods makes it extremely difficult to ascer-
tain the systematic affinities of immature material, espe-
cially for young immature specimens. Although only a
few young immature sauropods are known, the problem is
well illustrated by SMA 0009. This nearly complete skele-
ton, only lacking the skull, was initially described as a
diplodocine sauropod (Schwarz et al. 2007) but recently
reassigned to Brachiosauridae (Carballido et al. 2012a). Its
axial morphology resembles that described for MOS 1 of
Europasaurus, in which several plesiomorphic characters
obscure the phylogenetic signal. Consequently, the scor-
ing of ontogenetically changing characters and their inclu-
sion in a phylogenetic analysis could push such a speci-
men down to a more basal position. When the phylogenetic
position of a complete specimen is being analysed, this may
not be such a problem because many other characters may
be ontogeny-independent (e.g. articular surface of centra)
and show the ‘true’ phylogenetic position (Carballido et al.
2012a). However, when incomplete specimens, especially
those lacking the skull, are being studied, ontogenetically
changing characters may be an insurmountable problem.
Therefore, the identification of such characters is crucial
and should precede the systematic study of such material.
In addition to the changes in fossae development (pneu-
matic characters), some of the major and more interesting
transformations documented for Europasaurus are related
to changes in neural spine lamination. Thus, particular
caution must be exercised when characters of this kind
and from this region are scored in juvenile sauropods. On
the other hand, neural arch lamination and some features
of the centrum are present early in ontogeny, albeit less
developed than in adults. Derived centrum characters, such
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as the opisthocoelous condition of the cervicals (a synapo-
morphy of Amygdalodon andmore derived taxa; Carballido
& Pol 2010) and dorsal vertebrae (a synapomorphy of
Camarasauromorpha; Salgado et al. 1997) or the absence
of ventral medial keel in cervical vertebrae (a synapomor-
phy ofOmeisaurus andmore derived forms;Wilson, 2002),
seem to be acquired early in ontogeny.
Morphological ontogenetic stages and
histological ontogenetic stages
To be sure that the variation observed between taxa is
the result of phylogeny rather than ontogeny, the recog-
nition of mature individuals in the fossil record is impor-
tant (Brochu 1996). As noted by Queiroz (1985), sexual
maturity represents only a single ontogenetic character, so
a more comprehensive view of maturity is needed, and
this must be based on growth dynamics and the ontoge-
netic sequence of the appearance of autapomorphies (Irmis
2007). In the preceding section, we discussed how system-
atic information changes through ontogeny, recognizing
that the presacral characters that define the phylogenetic
position of Europasaurus appear before the closure of the
neurocentral suture in late immature specimens (MOS 3).
Thus, this can be used as an additional criterion of matu-
rity, which we described as ‘phylogenetic maturity’. To
widen the maturity criterion, different sources of infor-
mation should be used and correlated (e.g. phylogenetic
maturity, neurocentral fusion and sexual maturity).
As noted by Ikejiri (2012), open neurocentral sutures
are traditionally used to identify juvenile dinosaurs, includ-
ing sauropods (e.g. Tidwell & Carpenter 2003; Schwarz
et al. 2007). Among vertebrates, the timing of neurocentral
fusion varies from the embryonic to the very late postna-
tal ontogenetic periods; fusion between centra and neural
arches even persists in some taxa throughout life (e.g. Alli-
gator; Ikejiri 2012). The timing of neurocentral fusion is
not known in sauropods. Nevertheless, completely closed
neurocentral closures are generally observed among fully
grown specimens, and open sutures are observed in juvenile
specimens, amorphological change used here to distinguish
between juvenile and mature elements.
The preceding description and discussion illustrated
some general changes in the axial skeleton through the
ontogeny of Europasaurus. Some of these changes seem to
be the same for other non-diplodocoid sauropods, as simi-
lar changes were suggested for Tazoudasaurus (Allain &
Aquesbi 2008), the brachiosaurid SMA 0009 (Carballido
et al. 2012a) and Phuwiangosaurus (Martin 1994) (e.g.
development of the SPDL). Linking these morphologi-
cal changes, including neurocentral closure, with some
measurement of time would be highly desirable. The use
of histological ontogenetic stages (HOS; Klein & Sander
2008) in the long bones as a qualitativemeasure of sauropod
age provides an excellent starting point for linking MOS
with life history in neosauropods. Still, not enough infor-
mation exists to correlate directly MOS with HOS because
no long bones have been found so far at the Oker locality
that are associated with the immature elements described
for Europasaurus.
Sexual maturity was correlated with HOS 8 by Klein
& Sander (2008), in which the animals seem to have
reached almost 50% of final size and a marked decrease
in growth rate is observed (Sander 2000). In the same indi-
vidual, the titanosaur Bonitasaura shows both completely
closed neurocentral sutures and completely disarticulated
neural arches, varying along the vertebral column follow-
ing an anteroposterior direction of neurocentral closure
(Gallina 2011). The histology of this sauropod was recently
described and assigned to HOS 9 of Klein & Sander (2008;
Gallina 2012). This is just one histological ontogenetic stage
later than the point of sexual maturity proposed by Klein
& Sander. Therefore, it is possible that the neurocentral
closure occurs in sauropods between HOS 8 (decrease in
growth rate) and 9 (based on the condition of Bonitasaura;
Gallina 2012) (Fig. 31). If this is correct, it can be assumed
that the mature morphological stage of mature vertebrae
(with closed neurocentral suture) is older than HOS 8 and
that immature vertebrae (with open neurocentral suture) are
younger than HOS 9.
Additionally, the early immature stage (MOS 1) of both
cervical and dorsal vertebrae may correlate with the HOS
5, because the same morphology was described for the
brachiosaurid SMA 0009 (Carballido et al. 2012a), which
is HOS 5 (Klein & Sander 2008). However, it remains
unknown how much earlier or later than HOS 5 the early
immature stage began and ended. Taking these observations
into account, we suggest that the first two immature stages
(MOS 1 and MOS 2) must be placed between HOS 5 and
8, whereas the late immature stage correlates with HOS 7
to HOS 9, with an overlap due to uncertainty regarding the
middle immature stage. This argument rests on the observa-
tion that the late immature stage in both cervical and dorsal
elements shows all the mature characters except neurocen-
tral suture closure, and that the late immature elements
are of similar size as some mature vertebrae. It is also to
be expected that the major morphological transformations
occurred before the decrease in growth rate (around HOS
8; Klein & Sander 2008).
The preliminary correlation made here between morpho-
logical and histological ontogenetic stages shows that most
of the transformations probably occurred close to HOS 8
in what we define as a late immature stage or MOS 3. At
this time, the individuals reached sexual maturity (Klein
& Sander 2008) and also acquired all the autapomorphic
characters that diagnose adult Europasaurus. Thus, juve-
nile sauropods close to HOS 8 will probably show all the
diagnostic characters necessary for a precise systematic
assignment to the species level, as was described for MOS
3 of Europasaurus.
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Size dimorphism in Europasaurus vertebrae
Among the Europasaurus vertebrae, an unexpected size
difference was observed. The anterior cervical vertebra
identified as probably the third cervical (DFMMh/FV
991.1) is completely mature (no neurocentral suture was
observed on its surface). Nevertheless this element is
only around 30% the size of the probable fourth cervical
(DFMMh/FV 652.1), which is also mature. The difference
in size observed between these two elements must indi-
cate the presence of two animals well differentiated in size.
Another clear size difference is observed among the middle
cervical vertebrae. The mature element DFMMh/FV 710
(MOS 4) and the two late immature centra DFMMh/FV
554.8 and 785.1 (MOS 3) come from a similar position in
the neck. Nevertheless, the immature elements are around
140% the size of the mature vertebra (see Table 1), indicat-
ing a suture closure for DFMMh/FV 710 at a much smaller
size than in the larger immature specimens. Although these
two examples represent the most obvious size dimorphism,
several other elements show a similar pattern, including
skull elements (Marpmann et al. 2011).
Several explanations can be hypothesized for the size
dimorphism seen in the vertebrae of Europasaurus. Below
we provide a brief discussion of some of these, but a longer
discussion of this matter will be provided in conjunction
with the size dimorphism observed in the skull elements
(Marpmann et al. 2011). While not as apparent as the
size dimorphism in the skull and postcranial axial skele-
ton, a dimorphism may be reflected in the poor correla-
tion of histological ontogenetic stages versus femur length
because, unlike most other sauropods, Klein & Sander
(2008) failed to find a good correlation between these two
parameters in Europasaurus. The initial discovery of the
size difference at first prompted the idea of two species
being present. However, among the hundreds of sauro-
pod elements collected from the Langenberg Quarry, only
three elements were identified as non-Europasaurus. These
elements can be unequivocally assigned to Diplodocidae
and are therefore different from Europasaurus. Addition-
ally, andmore importantly, all the remaining sauropodmate-
rial shows the same phylogenetic signal, including several
uncommon characters and autapomorphic characters of
Europasaurus (e.g. cervical vertebrae with a median notch,
and the same pleurocoel shape and internal morphology;
cervical neural spines with PRSL and POSL). Therefore,
all the material was assigned to the same morphospecies.
Nevertheless, a more biological differentiation of species
cannot be ruled out, as for many if not all morphotaxa. If
two species were present they could have been sympatric
or separated in time or space. This is because the bone
comes from a marine bed about 1 m thick, and we do not
know how much time is represented by this bed, or whether
the Europasaurus bones were transported into the basin
from one or more of the surrounding islands (Sander et al.
2006).
Sexual dimorphism in a single biological species would
be another explanation of extreme individual size variation,
although this is uncommon in dinosaurs (Klein & Sander
2008; Sander et al. 2011). Sexual dimorphism is poorly
known in sauropods, mainly due to the difficulty inherent
in its recognition in fossils (Ikejiri 2004; Ikejiri et al. 2005).
Conclusions
Unlike other tetrapods, the postcranial axial skeleton of
sauropods is regarded as one of the most informative
body regions, both because many morphological changes
occurred here and also because it is commonly recovered
in the fossil record, providing one of the best opportu-
nities for comparing taxa. Here we describe for the first
time the complete anatomy of the axial skeleton of juvenile
and adult specimens of the dwarf basal camarasauromorph
Europasaurus holgeri, which provides a wealth of new
information on its anatomy and diagnosis. The phylogenetic
position of Europasaurus was tested through a comprehen-
sive phylogenetic analysis, which includes several basal
neosauropods taxa, retrieving Europasaurus as a basal
camarasauromorph, a position that compares well with
previous analyses and shows good branch support. The
analysis also contributes to a better understanding of the
early evolution of macronarian sauropods. Nevertheless,
the low support obtained in most of macronarian branches
indicates that some uncertainty exists in the early evolu-
tionary stages of this group.
Despite the enormous ontogenetic size range, ontoge-
netic changes in sauropods are poorly known, mainly
due to the absence of young specimens. The descrip-
tion and comparison of juvenile specimens with adults of
Europasaurus provides, for the first time, a wealth of infor-
mation on the ontogenetic changes in the axial skeleton,
which probably can be extended to a more inclusive group
of sauropods because similar changes were observed in
basal sauropods (e.g. Tazoudasaurus) and more derived
macronarians (e.g. SMA 0009; Phuwiangosaurus). The
most drastic of these changes includes the absence of
derived characters in early morphological stages, for exam-
ple, the absence of SPDL and PRSL laminae in dorsal verte-
brae, but the presence of some derived characters such as the
opisthocoelous condition of such vertebrae. The presence of
derived and autapomorphic characters before the neurocen-
tral closure indicates that ‘phylogeneticmaturity’ is reached
before morphological maturity, and probably before sexual
maturity. Therefore, whereas late immature specimens can
be assigned unequivocally to Europasaurus, earlier juve-
niles provide an incorrect phylogenetic signal. The use
of size-independent characters for determining the ontoge-
netic stages allowed us to recognize two well-differentiated
size classes, which may either represent sexual morphs or
different biological species separated in time or space.
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